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Aerosols are ubiquitous in earth's atmosphere and have been the subject of many scientific inquiries 
over the years for studying air quality, climate, clouds, etc. Essential to all of this are the optical 
properties of aerosol particles which affect how they interact with the shortwave energy emitted by 
our sun and the longwave emissions of the earth-atmosphere system. These interactions are 
characterized by the way aerosols both scatter and absorb solar and terrestrial radiation and are 
fundamental to the transfer of radiative energy through our atmosphere which can ultimately impact 
the climate system. Since aerosols have both natural (e.g., desert dust) and anthropogenic (e.g,, 
industrialized pollutants) components that can span large spatial and temporal scales, understanding 
these properties is crucial. 

An optical parameter commonly employed in radiative transfer studies is the mass extinction 
efficiency (MEE) which defines the total light extinction per unit mass of aerosol. MEE is the sum 
of both mass scattering and mass absorption efficiencies (MSE and MAE, respectively). This 
quantity is used to convert mass measurements to optical depth. Past works have used both field 
and laboratory data, usually at the visible wavelengths, to derive values for this parameter for 
different aerosol types. Besides the reported variability of this parameter at the visible wavelengths, 
its behavior in the near to thermal IR is not well known and was the primary impetus for this 
research. Specific to this study were the detailed investigations of MEE for mineral dust aerosol at 
the longer wavelengths where the radiative impacts of dust can play a large role. 

In this work, extensive modeling was conducted to test the sensitivity of MEE (and its component 
MSE and MAE) to an extended range of dust microphysical and chemistry perturbations at 
wavelengths spanning the near to thermal IR (0.87-12|im). Using combined analytical and 
numerical light-scattering models, the end goal of this study was to build a well-defined, spectrally 
resolved dataset of plausible dust MEE values for representative dust minerals, shapes, and sizes. 
The study focused on non-spherical, single mineral dust particles having volume median diameters 
in the range of 1 .6-20pm to construct a full envelop of possible values. 

Results of the study show that from the parameterizations examined, MEE ranges from nearly zero 
to about 1.2m 2 g'’ with the higher values associated with non-spheres composed of quartz and 
gypsum. At near-IR wavelengths, MEE for non-spheres generally exceeds those for spheres, while 
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in the thermal IR, shape-induced changes in MEE strongly depend on volume median diameter and 
wavelength, particularly for MEE evaluated at the mineral resonant frequencies. MEE spectral 
distributions appear to follow particle geometry and are evidence for shape dependency in the 
optical properties. It is also shown that non-spheres best reproduce the positions of prominent 
absorption peaks found in silicates. Generally, angular particles exhibit wider and more symmetric 
MEE spectral distribution patterns from 8-1 Opm than those with smooth surfaces, likely due to 
their edge-effects. Lastly, spectral relationships in dust MEE were identified to allow inferring dust 
optical properties across the visible-IR spectrum. 

Significant to this study is that the modeled MEE data can serve as a constraint by which field 
derived MEE data from (e.g., from bulk mass and light scattering measurements) can be compared 
to thus allowing for some improved measure of data interpretation. Spectral relationships in MEE 
values between the near and thermal IR were also found and can be used in remote sensing 
applications (e.g., sea surface temperature retrievals) and in computing direct aerosol radiative 
effects for climate research. 
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Abstract. To determine a plausible range of mass extinction 
efficiencies (MHF.) of terrestrial atmospheric dust from the 
near to thermal 1R, sensitivity analyses are performed over an 
extended range of dust microphysical and chemistry pertur- 
bations. The IR values are subsequently compared to those 
in the near-IR, to evaluate spectral relationships in their opti- 
cal properties. Synthesized size distributions consistent with 
measurements, model particle size, while composition is de- 
fined by the refractive indices of minerals routinely observed 
in dust, including the widely used OPAC/Hess parameteriza- 
tion. Single-scattering properties of representative dust parti- 
cle shapes are calculated using the T-matrix, Discrete Dipole 
Approximation and Lorenz-Mie light-scattering codes. For 
the parameterizations examined, MEE ranges from nearly 
zero to 1.2 m 2 g"', with the higher values associated with 
non-spheres composed of quartz and gypsum. At near-IR 
wavelengths, MEE for non-spheres generally exceeds those 
for spheres, while in the thermal IR, shape- induced changes 
in MEE strongly depend on volume median diameter (VMD) 
and wavelength, particularly for MEE evaluated at the min- 
eral resonant frequencies. MEE spectral distributions appear 
to follow particle geometry and are evidence for shape de- 
pendency in the optical properties. It is also shown that non- 
spheres best reproduce the positions of prominent absorption 
peaks found in silicates. Generally, angular particles exhibit 
wider and more symmetric MEE spectral distribution pat- 
terns from 8-10^m than those with smooth surfaces, likely 
due to their edge-effects. Lastly, MEE ratios allow for infer- 
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ring dust optical properties across the visible- IR spectrum. 
We conclude the MEE of dust aerosol are significant for the 
parameter space investigated, and are a key component for 
remote sensing applications and the study of direct aerosol 
radiative effects. 


I Introduction 

In Earth’s atmosphere, dust particles both scatter and ab- 
sorb solar and terrestrial radiation, with the radiative interac- 
tions critically depending on the bulk optical and microphys- 
ical properties of the constituent minerals. Previous works 
have clearly demonstrated the inherent difficulties in mod- 
eling dust due to the large uncertainties in their physico- 
chemical properties (e.g., Sokolik et al., 1999; J. S. Reid 
et al., 2003). More measurements of dust properties hav- 
ing greater spatial, temporal, and spectral coverage are ab- 
solutely essential, as these ultimately define the aerosol in- 
puts used by radiative transfer and global climate models. 
The model inputs are represented by a set of wavelength de- 
pendent single-scattering parameters which are functions of 
the particle’s mineral composition, geometric size, and mor- 
phology. These include the single-scattering albedo (nr - the 
percentage of light extinction due to scattering), asymmetry 
parameter (g ~ a parameterization that describes the particle 
phase function), and extinction coefficient (/9 ext - the amount 
of scattering and absorption per unit path length). 

Another parameter commonly employed in aerosol stud- 
ies is the mass extinction efficiency (MEE) (a ext - Hand et 
al., 2007 and references therein) which defines the total light 
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extinction per unit mass of aerosol (Note, although the strict 
definition of aerosol includes the suspension medium, i.e. air, 
this study only refers to the particulate component). Also re- 
ferred to as the specific extinction cross-section (Gerasopou- 
los et al., 2009), MEE is the sum of the mass scattering and 
mass absorption efficiencies (MSE and MAE, respectively). 
MEE is particularly useful for converting observed aerosol 
mass into an equivalent optical depth (r) for computing di- 
rect aerosol radiative effects (DARE - units of Wm' 2 ) es- 
sential to climate research (e.g., Myhre et al„ 2001; Hansell 
et al., 2010). In previous works, this parameter has been 
determined experimentally using both field and laboratory 
measurements (e.g., Li et al., 1996; Maring et al., 2000 and 
Clarke et al., 2004) and through model calculations (e.g., 
Hand et al., 2002; Quinn et al., 2004 and Malm et al., 2005) 
at the visible wavelengths. 

Prior research has demonstrated that MEE varies widely 
depending on particle type, the method employed and the 
conditions under which it is measured or calculated. Hand 
et al. (2007) for example, conducted an extensive survey of 
ground-based estimates of visible (A. ~ 0.55 n m) MEE for 
various aerosol types and size modes using published litera- 
ture since 1990. Hand et al. (2007) showed that MSE (a ma- 
jor component of MEE at visible wavelengths) for fine and 
coarse-mode dust, varied from 1 .2 ± 0.3 to 0.9 ± 0.8 m 2 g _1 
for theoretical and measurement methods, respectively. 

Besides the reported variability in MEE at the visible 
wavelengths, there is limited or virtually no information on 
MEE in the near to thermal IR, which was the impetus for 
this study. In the IR, MEE is important for dust remote 
sensing studies. Potential applications include the retrieval 
of key land and atmospheric parameters (e.g., land and sea 
surface temperatures (LST/SST), water vapor and clouds) 
from satellite-based sensors such as the Moderate Resolution 
Imaging Spectroradiometer (MODIS - Levy et al., 2007), 
the Advanced Very High Resolution Radiometer (AVHRR 
- Arbelo et al., 2005), and the Atmospheric Infrared Sounder 
(AIRS - DeSouza-Machado et al., 2006). To demonstrate 
the utility of MEE in the IR, an example is given in section 
4 related to dust’s impact on SST retrievals. In the IR, MEE 
can also be used to better characterize the longwave (LW) ra- 
diative energetics of the atmosphere. This work represents 
to the best of our knowledge, the first time that MEE for 
dust aerosol has been quantified over such a broad range of 
parameters . 

The underlying goal of this study is to use combined ana- 
lytical and numerical light-scattering models to build a well- 
defined, spectrally resolved dataset of plausible dust MEE 
values, as a function of particle chemistry, asphericity, and 
size, at key remote sensing wavelengths that span the near-IR 
( X = 0.87— 3.75 j<m) and thermal IR window (A. = 8 — 12/<m) 
regions. This work primarily focuses on dust properties that 
are considered extreme (e.g., single mineral compositions 
with strong absorption and having large particle sizes and 
aspect ratios) in order to construct a full spectral envelope 


of MEE and to help identify its upper and lower bounds. 
For reference, dust properties from previous laboratory and 
field studies are used to assess where likely values might 
fall within the spectral envelope. Moreover, comparisons 
of dust MEE are made between the visible and IR wave- 
lengths to help bridge their optical properties. Supplemental 
datasets of MEE/MAE for several key minerals (e.g., quartz) 
are available online. For access to the full MEE/MAE min- 
eral datasets, please contact the authors. 

Invariably, there are uncertainties in the model studies of 
light scattering, due in part to limitations in the numerical 
schemes employed and assumptions made for characterizing 
particle properties (Nousiainen et al., 2009a). Although an 
exact dust model is still far too complex to simulate (i.e., 
one that fully accounts for surface roughness/porosity, min- 
eral partitioning, orientation, etc.), simplifications are made 
to best represent airborne dust particles employing common 
microphysical and chemistry parameterizations. Because the 
number of global dust properties is so large and varied, we 
limit our analyses to the following: 

1 . Only MEE and the component MSE and MAE of pure 
dust minerals are examined, excluding the possibilities 
of coatings or aggregates with other aerosols (e.g., soot, 
sulfates, etc.), as in the case of aged or transported dust. 
Characterizing uncontaminated dust aerosol over this 
spectral domain is essential before investigating more 
complex mixtures and coatings; however, for illustra- 
tive purposes, a simple dust-soot mixture is presented. 

2. The MEE is computed for common remote sensing 
wavelengths between A. =0.870 — 12/<m. 

3. The MEE of single mineral dust particles are evaluated 
mainly to address extreme cases in particle composi- 
tion, that is, the full envelope of possible values is de- 
termined. 

4. To address mineral compositions typically used in con- 
temporary research, the Hess/OPAC dust parameteriza- 
tion, and a two-component dust mixture consisting of 
silicate-hematite are evaluated. Dust MEE using miner- 
alogical results from SAMUM 2006 are also presented. 

5. Size distributions have volume median diameters 
(VMD) in the range of 1 .6 —20 pim, with a baseline geo- 
metric standard deviation (<r g ) of 2, which is later tested 
with a range in Og from 1 .7-2.3. 

6. Irregular dust shapes are represented by common poly- 
hedral geometries. 

7. Although single dust shape distributions are mainly 
used, two possible shape scenarios are investigated: 
background dust and dust storm. 
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Potential benefits of this study include (1) promoting fur- 
ther insight into the LW contributions of dust DARE, (2) al- 
lowing for improved retrievals of SST and other surface 
parameters, and water vapor, (3) providing a reference by 
which field derived MEE data (e.g., from bulk mass and light 
scattering measurements) can be compared to, thus allow- 
ing for some improved measure of data interpretation, and 
(4) providing constraints for dust modeling studies 

The paper is arranged as follows: the dust chemistry and 
microphysical pararneterizations pertinent to this study are 
presented in Sect. 2; an overview of the theory and numerical 
scheme used to compute dust MEE is detailed in Sect. 3; 
the computational results, their implications and examples of 
potential applications are presented in Sect. 4, and finally a 
summary is given in Sect. 5. 

2 Physicochemical properties of mineral dust 
2.1 Mineralogy 

Interactions of LW radiation with airborne minerals primar- 
ily occur due to the fundamental vibrational modes of the 
component dust molecules, where the number, intensity', and 
shape of the modes are dependent on the atomic masses, in- 
teratomic force fields, and molecular geometry (Salisbury et 
al., 1991). The optical constants of many common dust min- 
erals that describe these interactions are well documented 
(e.g., Roush et al., 2007; Glotch et al., 2007). 

For this study, the following major mineral classes were 
selected to characterize dust particle composition: silicates, 
clays, carbonates, sulfates, and iron oxides. Although other 
mineral classes abound in nature, (e.g., phosphates, non- 
ferrous oxides, sulfides, halides, etc.), literature surveys of 
dust chemistry from both laboratory and field measurements 
(e.g., Formenti et al., 2008; Chou et al., 2008; Kandler et al., 
2009 and E. A. Reid et al., 2003) suggest these are the dom- 
inate classes. The refractive index datasets for the minerals 
employed in this study including their spectral ranges and 
reference sources are listed in Table 1. The minerals include: 

(1 ) quartz, muscovite, chlorite, and the clays kaolinite, mont- 
morillonite, and illite, all from the silicate group, (2) calcite 
(i.e„ calcium carbonate or limestone) and dolomite (calcium- 
magnesium-carbonate) from the carbonate group, (3) the sul- 
fate gypsum (hydrated-calcium-sulfate), and lastly, (4) the 
iron-oxide, hematite. The global significance of these miner- 
als have been corroborated by numerous studies of dust sam- 
ples from the Saharan desert during the SAMUM, PRIDE, 
SHADE, and AMMA field campaigns (Kandler et al., 2009; 
E. A. Reid et al., 2003; Formenti et al., 2003, 2008 and Chou 
et al., 2008, respectively), and Northern China (Arimoto et 
al., 2006 - ACE ASIA, Jeong et al., 2008), two of the world’s 
largest dust sources. Examples of dust minerals found during 
past studies are shown in Table 2. 
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Prominent spectral features of these dust minerals are de- 
picted in Fig. 1, where the imaginary component of the re- 
fractive index (A), which is related to the absorption coeffi- 
cient (a') via the dispersion relation: 

*=“'74* o) 

is plotted as a function of wavelength (A.) from 0.20-12.5 pm 
(note, the wavelengths used in surface remote sensing appli- 
cations are enclosed in light gray boxes for reference). 

At A < 8 fim for example, Fig. la shows several strong ab- 
sorption bands including gypsum (red curve) likely attributed 
to combination tones of the sulfate ion and perhaps water 
(A as 2.8, 4.6, and 6 /«n), and those due to the carbonate ion in 
calcite and also dolomite at A = 7 pirn (green and blue curves, 
respectively - both scaled down 5x). Weak absorbers are 
shown in Fig. lb over the same spectral range. 

Arguably, the most commonly observed spectral features 
can be found in the silicates, the largest mineral group, across 
the thermal IR window region. Here the phyllosilicate (e.g., 
clays and micas) and tectosilicate (e.g., quartz and feldspars) 
minerals compose much of the observed fraction of airborne 
dust. For example, the fundamental asymmetric stretching 
vibrations of the Si-O bonds ( 02 ) give rise to the classic ab- 
sorption feature of quartz centered at 9.2pm (dashed blue 
curve - Fig. lc). Gypsum (red curve) centered at 8.7pm is 
also dominant but varies with spectral position, strength, and 
shape. Lastly, Fig. Id illustrates the complex spectral fea- 
tures associated with common clay minerals and the mica, 
muscovite. Although wavenumbers (v - in cm -1 ) are typ- 
ically employed in IR studies, we continue to use units of 
wavelength (A — in pm). 

To elucidate the effects of strong absorption (i.e., particles 
with extreme refractive indices) on MEE, we mainly focus on 
single mineral dust particles. This is important, since large 
absorption features of individual minerals tend to average out 
in heterogeneous dust mixtures. Dust MAE is later examined 
in this study to help explain these strongly absorbing regions. 
The significance of evaluating the light scattering properties 
of individual minerals was also recently pointed out by Nou- 
siainen et al. (2009b). 

To illustrate the effects of more complex dust mineralo- 
gies on MEE, and those more typically observed during mea- 
surements, we employ (1) the frequently used Hess/OPAC 
dust parameterization (Hesset al., 1998) for transported dust, 

(2) a two component internal dust mixture composed of 
silicates (quartz, kaolinite, montmorillonite) and hematite, 

(3) an averaged weighted mixture of minerals representa- 
tive of those observed during SAMUM 2006 (Kandler et al., 
2009), and (4) a weighted dust-soot mixture using volume 
fraction soot amounts from Muller et al. (2009) to estimate 
potential anthropogenic contributions to dust MEE. 

The Hess/OPAC parameterization consists of a mixture of 
quartz and clay minerals (see D’ Almeida et al., 1991 ; Shettle 
and Fenn, 1979 and Koepke et al., 1997) and represents mo- 
bilized dust from source regions like the Saharan or Gobi 
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Table 1. Refractive index datasets of common dust minerals 


Mineral 

Wavelength (pm) 

Reference source 

Quartz 

02-300 

Gray (1963), Drummond (1935); Spitzer and Kleinman (1961); Philipp (1985); Longtin et al. (1988) 

Hematite 

0.2-300 

Longtin et al. (1988) 

Kaolinite 

0.185-2.6 

Egan and Hilgeman (1979) 

Kaolinite 

5-25 

Roush et al. (1991) 

Montmorillonite 

0.185-25 

Roush (2005); Egan and Hilgeman (1979) 

Illite 

0.185-2.6 

Egan and Hilgeman (1979) 

Illite 

2.5-200 

Querry (1987) 

Muscovite 

6.6-31 

Aronson and Strong (1975) 

Calcite 

2.5-333 

Long et al. (1993) 

Dolomite 

2.5-40 

Querry (1987) 

Gypsum 

0.4-333 

Roush et al. (2007) 

Chlorite 

2.5-50 

Mooney and Knacke (1985) 


Table 2. Minerals identified during past field studies. 


Field study Minerals repotted 


Notes 


PRIDE 1 Gypsum/calcium carbonates (10%) E. A. Reid et al. (2003) found dust usually to be in the form of large, amor- 

Amorphous silicates (20%) phous alumina-silicate clay particles. 

Layered silicates (70%) Largest group was layered silicates ( Al— Si clay particles/feldspars) such as 

illite, kaolinite, and montmorillonite. 

Amorphous silicates are agglomerates of clay particles. 


Asiar dust 2 

Illite (19%) 

Interstratified illite-smectite (22%) 
Chlorite (2%) 

Smectite (1%) 

Kaolinite (1 %) 

K-feldspar (8%) 

Calcite (8%) 

Plagioclase (11%) 

Quartz (28%) 

Average mineral composition of bulk dust samples by X-ray diffraction 
reported by Jeong (2008). 

Most common minerals identified were clay aggregates. 

SAMUM 3 

Hematite (1%) 

Clays (15%) [illite + kaolinite + chlorite] 
Feldspars (14%) [K-feldspars + plagioclase] 
Calcite (3%) 

Quartz (67%) 

Composition amounts estimated from Kandler et al. (2009) for dust storm 
conditions with quartz being the dominate mineral 

Kandler et al. (2009) used X-ray diffraction analysis followed by the RIR 
method to identify and calculate relative mineral contents. 


1 PRIDE 2000 - Transported Saharan dust E. A. Reid et al. (2003). 

2 Asian erst - Dust samples i'rom Korea and various source regions in China Jeong (2008). 

3 SAMUM 2006 - Saharan dust near source region Kandleret al. (2009). 


deserts, where many field measurements have been made 
(e.g., AMMA/NAMMA - Redelsperger et al., 2006; Zipser 
et al., 2009, SAMUM - Handler et al., 2009 and ACE-ASIA 
— Arirr.oto et al., 2006). 

The SAMUM 2006 dust mixture is based on the work of 
Handler et al. (2009) (refer to Fig. 10) where average rela- 
tive compositions of dust storm and low dust conditions were 
used to calculate MEE spectra. Plagioclase and K-feldspar 


mineral components were represented by anorthosite and an- 
desite, respectively due to the availability of their optical 
data. MEE spectra for SAMUM 2006 are computed across 
the thermal IR window region only, since the refractive in- 
dices of the minerals calcite and chlorite are limited in the 
near-IR (Sect. 3.2). 
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(c) 



(b> 



(d) 



wavelength tun) 



Fig. 1. Imaginary component of refractive index for common dust minerals, with vertical axes re-scaled to resolve spectral features. Gray 
shaded regions represent common remote sensing channels. Shown are the minerals calcite (C), chlorite (Ch), dolomite (D), gypsum (G), 
hematite (H), illite (1), kaolinite (K), montmorillonite (M), muscovite (Mu) and quartz. (Q). (a) strong absorbers for X < 8//m withD and C 
scaled down 5x , (b) weak absorbers for A < 8 /an, (c) Q, G, Ch, and H in the window region, and (d) same as (c) except for the clays and 
Mu. 


The weighted dust-soot mixture from Hess/OPAC was 
constructed based on the work of Muller et al. (2009) from 
SAMUM-1. Muller et al. (2009) show the volume fraction 
soot ('to) for fine and dust modes to be 0.25, 0.41 ,0.08, and 
0.28 for four time periods. For this study, the maximum frac- 
tion soot amount (41 %) is used. 

Although recent estimates by Lafon et al. (2006), Formenti 
et al. (2008) and Lazaro et al. (2008) for example, report the 
iron oxide content in mineral dust should not exceed 5%, we 
introduce a 10% hematite mixture for representing extreme 
cases of particle composition to help identify the bounds of 
the MEE spectral envelope. To help illustrate where in the 
envelope a typical measurement might fall, a 2% mixture is 
also computed. Clay-hematite mixtures are determined by 
applying the Maxwell-Gamett (MG) Rule (Note - although 
the MG rule cannot predict the influence of cationic substi- 
tutions within crystals, which can lead to changes in the po- 
sitions of spectral features, this will not impact the results of 
this study). These mixtures may be representative of Saharan 
dust, where hematite is commonly found (Linke et al., 2006). 

The significance of birefringence (i.e., a particle’s variable 
dielectric properties along each of the crystallographic direc- 
tions) on the scattering of calcite flakes has been recently 
reported by Nousiainen et al. (2009b). To account for a min- 
eral’s birefringent properties, we follow the work of Long 
et al. (1993) and compute an average of the refractive indices 
over each crystallographic direction, assuming randomly ori- 
ented particles. This procedure was performed for quartz, 
calcite, muscovite, hematite, and dolomite. 


22 Particle size 

Dust particle size is usually characterized as being log- 
normally distributed (Seinfeld, 1998; D’Almeida et al., 
1991) either in terms of its particle number concentration 
[diV/<iloglO(r)J, surface area [d A / d\o%\0(r)] or volume 
[dV/<flogl0(r)]. In many cases, particle sizes are distributed 
over several size modes, depending on such factors as geo- 
graphic location, the age of the dust plume and the interac- 
tions of dust with other aerosols. The partitioning of size 
modes may be due to contributions from either fine or coarse 
mode dust particles, i.e., those with effective radii (r e ff) less 
than or greater than 0.4//m, respectively (J. S. Reid et al., 
2003, 2008). To assess the impact of extreme size parameters 
on MEE, coarse-mode normalized volume size distributions 
based on the lognormal expression: 

nN(Dp) = A(((27r) 1/2 ln(<Tg)Dp) -I exp 

[— ln(D p / r g ) 2 /2\n(a g ) 2 ] (2) 

are constructed, where N is the particle number concen- 
tration (held constant in the number to volume transition) 
and r g and are the radius and standard deviation of the 
monomodal distribution, respectively. The size distribu- 
tions are consistent with measurements from past field cam- 
paigns; For example, PRIDE and UAE 2 (J. S. Reid et al., 
2003, 2008, respectively), SAMUM (Kahn et al., 2009 and 
Schladitz et al., 2009), and AMMA (Redelsperger et al., 
2006), where Haywood et al. (2008) reported on results from 
AMMA/SOPO-DABEX and Zipser et al. (2009), focused 
on the NASA extension of AMMA (NAMMA) at the Cape 
Verde Islands. 
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Following the work of J. S. Reid et al. (2003, 2008), we 
use the volume median diameter (VMD) as our size metric 
for dust. The computed VMD for this study include; 1 .6, 
3.0, 6.0, 9.0, 12.0, 18, and 20 (where N is held constant 
in the variation of VMD), although most observations place 
the VMD of coarse-mode dust in the 1 .5-9 pm range with a 
majority of reported values between 3-6 pm (J. S. Reid et al., 
2003, 2008). As a note, during SAMUM 2006, Weinzierl et 
al. (2009) reported averaged VMD values of 15.5 ± 10.9 pm, 
where giant sized particles (20-40 pm) were found about 
70% of the time. Direct comparisons of particle sizes in 
literature, however, must be exercised with caution due to 
the differences in measurement techniques (J. S. Reid et al., 
2003). All volume size distributions are then converted to 
mass spectra by multiplying the volume with the appropri- 
ate mass density (rho) of each mineral (Table 3). Consistent 
with prior observations of dust particle size (J. S. Reid et al., 
2003), a baseline er g of 2.0 is employed for all calculations 
which we later adjust to test its effect on MEE. 

23 Particle morphology 

Dust particles are rarely spherical as evidenced from numer- 
ous prior works (e.g., Kandler et al., 2009; Otto et al„ 2009; 
Kalashnikova et al., 2002, 2004, E. A. Reid et al., 2003 and 
Okada et al., 2001). Moreover, natural dust particles are 
found to be angular and jagged, likely due to preferential 
breakage along natural cleavage planes, the tendency of clay 
minerals to flake, and the dust particle’s propensity to form 
aggregates, i.e., clusters of internally mixed minerals. 

This study investigates the effect that particle asphericity 
has on dust MEE by employing a diverse but representa- 
tive collection of dust particle morphologies, ranging from 
various axisymmetric geometries to those that are highly ir- 
regular. These dust shapes are based on observed micro- 
physical parameters from field studies (e.g., Kandler et al., 
2009; Miiller et al., 2010; Chou et al„ 2008; E. A. Reid et 
al., 2003 and Okada et al., 2001), shape information from 
previously published literature, and various mineralogical 
datasets that are publicly available via the world-wide web 
(e.g., http://webmineral.com and http://mindat.org). 

Depending on a mineral’s internal structure, particle 
shapes may take on various forms (Griffen, 1992). For 
example, calcite can display a variety of crystal habits in- 
cluding acute rhombohedra (Farmer, 1974), or prisms (http: 
//mindat.org), while clays tend to form flat plates (E. A. Reid 
et al., 2003). Although realistic dust particle morphologies 
and their distributions are far more complex, we baseline 
our study by analyzing monodispersed shape distributions 
(SD) of common geometrical shapes related to the miner- 
als’ crystal habits. Later in Sect. 4, the sensitivity of MEE to 
polydispersed SD is investigated. 

In total, nine basic shapes are investigated: spheres, 
oblate and prolate spheroids, hexagonal columns and plates. 


hexahedrons (cubes and rectangles), tetrahedrons and ir- 
regular grains. The hexagonal and hexahedral structures 
make up the primary shapes used in this study (i.e., those 
that closest resemble reality and are nearest to what is 
known/documented), with the remaining shapes being sec- 
ondary, since these too are possible and are commonly used 
in contemporary research. The rational and physical bases 
for the shapes, along with particle densities are presented in 
Table 3. 


3 Theory and numerical scheme 


Hand et al. (2007) describe the theory for calculating MEE 
of aerosol particles. For convenience, a summary of the the- 
oretical approach in the context of a uniform, homogenous 
dust mixture is provided, followed by methodology. 

3.1 Theoretical approach 


The bulk single-scattering properties at wavelength a for a 
homogenous ensemble of randomly oriented dust particles 
having identical shape parameters can be computed if the dis- 
tribution of particle sizes is known. For a given number dis- 
tribution nw(Z)p) in the size range D p i to Dp 2 , and mineral 
composition specified by the complex refractive index (m), 
the extinction coefficient (/J e - in units of cm -1 ) for dust as- 
suming volume equivalence (refer to Otto et al., 2009), can 
be written as: 

0p2 

= f ^DpQ e (m, Dp)nfi/(Dp)dD p (3) 

o P . 

where Q t , the optical extinction efficiency, is equal to the 
ratio of the extinction cross section (cr c ) to the projected area 
of a volume-equivalent sphere: 

e e (m,D p )= 4 ^ / / 7rjD 2 (4) 

Note the wavelength dependency is implied in Eqs. (3-4). If 
the mineral density (p) is known, Eq. (3) can be rewritten in 
terms of a mass distribution nw(D p ), and when normalized 
by the total mass concentration (A/), the dust MEE (a e xt - 
units of m z g~*) at wavelength X is defined as: 

Op2 

f 2e("LD D ) 

«m= J !- 5 - pDp P n M (D p )dD p (5) 

Dp. 


where the single particle MEE (a sp - units of m 2 g ') is given 
by: 


“sp = 1 .5 


Qtim.Dp) 

pDp 


( 6 ) 


Similarly, the above equations can be employed to calculate 
both the single particle MSE and MAE. 
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Table 3. Densities and shapes of common dust minerals. 


Mineral 

P a 

gcm~ 3 

Crystal habif 1 (documented) 

Primary shapes in study 


Silicates 





Quartz 

2.65 

Hexagonal prism; pyramid on end Huggins el al. (1922) 

Hexagonal column (HC) e 


Kac'.imte 

2.60 

Pseudo-hexagonal crystal plate; could be fibrous or spherical b 

Hexagonal plate (HP) e 


Illite 

2.75 

Pseudo-hexagonal crystal plale b 

Hexagonal plate' 


Mor.tmorillonite 

2.35 

Pseudo-hexagonal crystal plate b 

Hexagonal plate' 


Muscovite 

2.82 

Crude hexagonal cross-section; platy b 

Hexagonal plate e 


Chiorite 

2.95 

Barrel/tabular with hexagonal outline - compact/platy c 

Hexagonal column' 


Carbonates 

Calcite 

2.71 

Rhombohedron (e.g., skewed rectangle). 
Tabular form, prism; long spiny crystal d 

Rectangle/Cube 


Dolomite 

2.87 

Rhombohedron d 

Rectangle/Cube 



Sulfates 


Gypsum 2.30 Tabular (rectangular); Bladed rosettcs d Rectangle/Cube 

Iron-oxides 

Hematite 5,30 Rhombohedron d Rectangle/Cube 

Secondary shapes in study 

Tetrahedron - although Si-O bonds are tetrahedral, additional cationic groups usually precludes this configuration. 

Nevertheless the possibility is considered. 

Grain - In planetarv/astrophysical studies, dust is commonly modeled as irregular-sized dust grains c.g., Kalashnikova et al. (2005); 
Draine and Weingartner et al. (1996). 

For his the Draine and Weingartner (1996) model (DW96), an array of 13 identical cubes, is employed. 

Spheroid - analysis of dust samples E. A. Reid et al. (2003); Okada et al. (2001) reveals particles to usually be oblate spheroids 
(aspect ratio ~1 .4- 1 .9). Here oblate and also prolate spheroids are examined. 

Sphere - although usually not observed in nature, the possibility is considered; also serves as reference for past works. 


a Data obtained from online mineral databases, past literature, and field studies. 
b Glotch et al. (2007) ; E. A. Reid et al. (2003); Kalashnikova et al. (2004). 
c Keti(]S59). 

(1 Farmer 1974); http://mindat.org. 

' (HC) Aspect ratio t/2a e (f = 2 (Z.=column length; rf.fy -ei.cctivc radius); (HP) L/2a e ff = 0.5. 


3 2 Methodology 
Light-scattering codes 

To investigate the effects of particle asphericity on dust MEE, 
three light scattering codes are employed: Lorenz-Mie, T- 
matrix, and Discrete Dipole Approximation (DDA). The first 
two methods, used to simulate rotationally symmetric and 
smooth particles (e.g., spheres, spheroids, and cylinders), are 
fully described in Mishchenko (1994, 1998). Similar to the 
Finite Difference Time Domain (FDTD) method (e.g., Yang 
and Liou, 1995), DDA (e.g., Draine and Flatau, 2004) is a 
numerical technique for solving the electromagnetic scatter- 
ing problem used to compute the single-scattering properties 
of irregularly shaped, inhomogeneous particles. 


This study uses DDSCAT program version 6.1 (Draine and 
Flatau, 2004) for computing the optical extinction efficien- 
cies (Q t ) of irregularly-shaped dust particles. In brief, the 
DDA method discretizes an arbitrarily shaped particle into an 
array of point dipoles (i.e., polarizable points) on a cubic lat- 
tice, which interact with a monochromatic plane wave char- 
acterized by wavelength A. and incident polarization vector 
e 0 . The computed single-particle extinction efficiency (Q c ) 
averaged over random orientations of the particle is given by: 

2/r 1 2 n 

0-1 0 

where angles 5, ©, and <p specify the particle’s orienta- 
tion in the lab frame. Considering the point symmetry of 


J dcos® J d<t>Q(&,®,<t > ) (7) 
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our particle shapes and the demanding computational re- 
quirements of DDA over all prescribed dust parameteri- 
zations and wavelengths, (Q e ) was computed by averag- 
ing over a total of N = 12 orientation angles. Sensitiv- 
ity of the model results to an increase in particle orienta- 
tions (e.g., N = 1050) for an asymmetric kaolinite-hematite 
grain mixture, for example, reveals absolute differences in 
{Qe)HQe} N=12 ~ <Ge) W=1050] < 0.08 m 2 g _1 (Fig. 2), with 
the maximum difference corresponding to the mineral’s peak 
absorption bands. Since all particles in this study with the 
exception of irregular grains are rotationally symmetric, we 
expect any errors with using a reduced set of orientation an- 
gles to be at most ~0.08 m 2 g -1 across the thermal IR. 

Following Draine (2000), accurate DDA calculations 
of the optical cross-sections (within several percent) are 
achieved if (1) an adequate number of dipoles ( N ) are 
specified ( N > 10000), (2) the inter-dipole separation (d) 
is smaller than the wavelength of incident radiation (A.): 
mk'd < 1 , where m is the particle’s complex refractive index, 
and k' is the free-space wave number (2 n/k), and (3) the re- 
fractive index is not too large: |m — 1 1 < 2. 

The above criteria are illustrated in Fig. 3 assuming 
N = 10001 dipoles, where Fig. 3a and b show the maximum 
inter-dtpole separation and extreme refractive index (m) test, 
respectively, for select minerals across the window region. 
Although gypsum slightly exceeds the m test threshold at 
9 pm (Fig. 3b), the error should not significantly impact the 
MEE results. All DDA computations are performed using 
N > 10001 dipoles. 

Numerical approach 

For this study we compute MEE and MAE at discrete wave- 
lengths from the near to thermal IR. Model simulations are 
evaluated at the wavelengths A =0.87, 1.04, 1.6, 2.12, 3.75, 
8, 8.6, 9, 10, II, and 12 pm (Lorenz-Mie and T-matrix) and 
A = 8,8.5, 9, 9.5, 10, 10.5, 11, 11.5, 12, and 12.5 pm (DDA). 
These wavelengths were chosen since they are commonly 
used in ground and satellite-based remote sensing such as 
those from AERONET (Holben et al., 1998) and the MOD1S 
and MISR programs (e.g., Levy et al., 2007; Kahn et al., 
2007). Although dust optical properties exhibit a spectral 
dependence at the visible wavelengths (e.g., Muller et al., 
2009), we use the properties at A = 0.870 p m as a proxy for 
representing wavelengths down through the green to avoid 
the extreme computational cost at the shorter wavelengths. 
This point is later addressed in Sect. 4. Furthermore, wave- 
lengths at A = 12pm reach the most commonly used satellite 
IR bands. 

The refractive indices of all mineral datasets (Table 1) are 
pre-processed to include only the selected wavelengths. Ex- 
ceptions made are for those minerals where there was little 
or no information available on the refractive indices at the 
near-IR wavelengths, including muscovite, dolomite, calcite, 


MEE absolute error - orientation angles 



0.5 a a.5 10 10.5 11 11.5 12 


ws/elength (pm) 

Fig. 2. Absolute error in MEE between using a reduced number 
of orientation angles (N = 12) versus an extended set {N = 1050) 
for an asymmetric kaolinite-hematite grain mixture (units are in 
m 2 g _1 ). See text for details. 




Fig. 3. DDA applicability criteria versus wavelength (A) and min- 
eral composition for (a) maximum inter-dipole spacing d (pm) and 
(b) large refractive index m. See text for details, 


and chlorite. These minerals were therefore only evaluated 
from A = 3.75 — 12pm. For illite and kaolinite, we com- 
bined the near-IR and IR datasets into one spectral dataset. 
As previously noted (Sect. 2.1), effective refractive indices 
were computed for birefringent minerals, and the MG Rule 
was applied to create two component internal mixtures of sil- 
icates and hematite. 

The Lorenz-Mie and T-matrix light scattering codes were 
employed for particle sizes in the range of 0.05-1 2pm, 
for spheres and spheroids, respectively. Aspect ratios for 
spheroids were varied as follows: oblate (1.4, 1.8, 2.3, and 
2.8), and prolate (0.3, 0.5, and 0.8). Limitations in the size 
parameter for DDA (x < 15) imposed additional constraints 
for accurately computing (a S p) for coarse-mode particles at 
the visible wavelengths. For this reason, we only use DDA 
to compute the size integrated MEE spectra for each dis- 
crete shape in the thermal IR. However, to help understand 
the discrete shape effect on MEE at visible wavelengths (A — 
0.86pm), we use the computed (a sp ) from Kalashnikova et 
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al. (2004) for several angular shapes composed of a 10% 
hematite-quartz mixture. 

The bulk MEE ((or ext )) for a monodispersed SD was nu- 
merically computed for each set of dust parameters at each 
wavelength (X) using the expression: 

Dpi 

( a ext) = y \ (a«p) j (ft m (Dp)) j ■ A Dp (8) 

i=Dp i 

where j is a summation over particle size (Dp) and a sp is 
the single-particle MEE. The bulk MAE was computed in a 
similar manner. For polydisperse SD, such as those used to 
assess the two possible dust scenarios described in Sect. 2, 
we weight {a axt ) according to how much each mineral habit 
contributes to the total MEE. 

The parameter space covering the total computed MEE 
spectral envelope is defined by 12 mineral compositions (9 
pure minerals + 3 silicate-hematite (10%) mixtures), 14 par- 
ticle morphologies (6 angular + 7 spheroidal + 1 spherical), 7 
particle sizes, and 1 1 channels covering the near-lR and IR 
regions of the spectrum, including the 10 sub-divided win- 
dow channels. In total, 12442 possible MEE values define 
the spectral envelope for this study. Furthermore, MEE spec- 
tral data constructed from field and laboratory measurements 
including the Hess/OPAC dust and dust-soot parameteriza- 
tions, high and low dust scenarios from SAMUM 2006, and 2 
silicate-hematite (2%) mixtures, yields a total of 4994 MEE 
reference values. 

4 Model results 

First the significance of dust absorption (MAE) on the total 
MEE over the thermal IR is examined. Next, plausible ranges 
and trends of MEE are presented, followed by its sensitivity 
to the dust parameterizations. Spectral MEE are then com- 
pared to identify relationships in the optical properties and 
finally a short discussion on potential applications is given. 

4.1 Dust absorption 

MAE plays a major role in the extinction properties of min- 
eral dust throughout the thermal IR, yet is nearly zero across 
the near-IR (MSE > > MAE), except when hematite is added 
to the mixture (not shown). Examples of prominent absorp- 
tion features for common minerals in the IR are clearly illus- 
trated in Fig. 4. Here we show normalized MAE (xl00%) 
for several representative silicates (quartz, kaolinite, illite), 
sulfate (gypsum), mica (muscovite), and for reference, the 
OPAC/Hess dust parameterization. The color bar represents 
the percentage of particle extinction due to absorption and 
the horizontal and vertical axes are the particle size (VMD) 
and wavelength (A.) , respectively. Noteworthy are the regions 
of enhanced MAE (color-coded red and yellow), which are 
later referred to as “hot-spots” or areas that are character- 
ized by the minerals’ strong absorption features (reststrahlen 


bands), and their dependency on VMD. Pockets of weaker 
absorption (color-coded blue) are those regions marked by 
corresponding increases in scattering or MSE. The parti- 
tioning of the dust particle’s MAE and MSE is also shown 
as a function of VMD. The MAE distribution for quartz 
(Fig. 4a), for example, distinguishes three distinct regimes of 
particle absorption, which includes the resonant peaks near 
8.3, 9.2 and 12/<m, separated by a scattering region from 
A = 10 — 1 1 pm, where particle absorption is nearly zero (re- 
fer to Fig. 1c). 

Apparent at the IR wavelengths is the reduction in frac- 
tional MAE as VMD increases, which means that scattering 
generally contributes more to the MEE of larger size parti- 
cles; this being analogous to the simple Fresnel reflectance 
of a solid surface (Salisbury, 1991). Compared to quartz, 
the clays kaolinite (Fig. 4b) and illite (Fig. 4c), and the mica 
muscovite (Fig. 4d) exhibit broader spectral ranges of parti- 
cle absorption throughout much of the window region. Inter- 
estingly, the MAE distribution for Hess/OPAC dust (Fig. 4e) 
is similar to that of the quartz and clays, which comes as 
no surprise since Hess/OPAC is essentially a heterogeneous 
dust mixture consisting of the silicate minerals (note that the 
refractive indices of OPAC/Hess are predominantly derived 
from D’ Almeida (1991), which in turn reference Shettle and 
Fenn (1979) and Volz (1973). We also plot the sulfate gyp- 
sum (Fig. 4f) which exhibits strong absorption around 8pm 
and then transitions over to a region dominated mostly by 
scattering. 

4.2 Ranges in dust MEE 

Following Eq. (8), dust MEE values were computed and sub- 
sequently grouped according to wavelength to determine a 
maximum plausible range of MEE for the channels inves- 
tigated. Note the discussion that follows reflects the entire 
parameter space over which this study was conducted, and 
illustrates the impact of extreme dust chemistry and micro- 
physics on MEE. Numerical tables of MAE/MEE for the 
common dust minerals kaolinite, gypsum and quartz, are 
publicly available on-line. The full datasets can be provided 
upon request to the authors. 

Figure 5a illustrates the variability in MEE over all spec- 
tral channels (near-IR-IR), where the values at each wave- 
length represent the maximum MEE over the entire range 
of seven particle sizes for each composition and shape com- 
bination investigated. Figure 5b is an enlarged view of the 
same plot but in the thermal IR showing the minerals which 
correspond to the maximum MEE at each wavelength. For 
convenience, the curves are color-coded according to par- 
ticle morphology: white for spheroids (oblate/prolate), red 
for spheres, and yellow for angular particles. Note the MEE 
values between channels are interpolated and therefore do 
not have any physical meaning. For reference purposes, 
MEE data based on previous laboratory and field studies 
(Hess/OPAC dust and dust-soot parameterizations, SAMUM 
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quartz kaolinite 



wavelength Cum) vcvelength (ixm) 


OPAC/Hess gypsum 



wavelength (pm) 


wavelength (pm) 


Fig. 4. MAE as a percentage of MEE for common dust minerals across the thermal IR including (a) quartz (rectangle), (b) kaolinite (plate), 
(c) illite (plate), (d) muscovite (grain), (e) Hess/OPAC (plate) and (I) gypsum (rectangle). The vertical and horizontal axes are the particle 
VMD and wavelength, respectively. The color bar denotes the percentage of particle extinction due to absorption. Note the unique positions 
and shapes in the absorption features for each mineral composition. See text for details. 


2006 high/low dust scenarios, and a kaolinite-2% hematite 
mixture) are shown in Fig. 5c. 

In Fig. 5a, two dominant peaks of the spectral enve- 
lope are clearly evident: one at A. = 0.87 pm and the other 
at X — 9.0 /on, with maximum MEE values clustered near 
«ext = 1.18 and 1 .28 m 2 g -1 , respectively. Considering the 
Hess/OPAC dust-soot (DS) mixture, the maximum MEE val- 
ues increase to ar ext = 1.32 and 1 .29 m 2 g~ 1 , respectively. 
Note the 0.87 pm peak does not include angular particles. 
Larger MEE values of the dust-soot mixture in the near-IR 
for spheres and spheroids are indicated by the black arrows. 
A third smaller peak is also apparent at X = 10 pm. The MEE 
differ by about an order of magnitude with minimum values 

Atmos. Chem. Phys., 11, 1527-1547,2011 


falling below a ext = 0. 1 m 2 g~ 1 . Both maxima are attributed 
to non-spherical particles (oblate spheroids) with the first be- 
ing mostly composed of gypsum, with contributions from 
the clays illite, kaolinite, and montmorillonite, and also the 
clay-hematite mixture, since hematite is a strong absorber at 
the visible/near-IR wavelengths. Although quartz does con- 
tribute to the first peak, its presence mainly dominates the 
second maximum due to the strong absorption band centered 
at 9.2 pm (Fig. 5a). 

Interestingly in Fig. 5b, the resonance peak for a quartz 
sphere (dashed red curve with square) appears to be blue- 
shifted by almost 0.5 pm with respect to a quartz non-sphere 
(e.g., an oblate spheroid - dashed white curve with square), 
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Fig. 5. (a) Maximum dust MEE over all dust parameterizations and wavelengths (channels). The Hess/OPAC dust (D) model is represented 
by the blue curves, (b) Same as (a) but in the thermal IR. The black arrow denotes the spectral shift between spherical and non-spherical 
quartz particles (dotted red and white curves, respectively, with squares). The letters C (calcite), Q (quartz), K (kaolinite), and Mu (muscovite) 
represent the minerals that have the maximum MEE at each wavelength (c) typical scenarios of MEE spectra based on laboratory and field 
studies. See text for details. 


but is also observed for the quartz angular particles (yel- 
low curves) as well (this is clearly shown later in Fig. 7) . 
Note the: black arrow denotes the spectral shift between the 
quartz particles. A large spectral shift was also detected for 
the clay minerals, where montmorillonite for example, which 
has a strong absorption peak around X = 9.6 (Manghnani 


et al., 1964) showed spheres and angular particles to differ by 
nearly 1 /rm. Although the observed spectral shifts are likely 
to be overestimated due to the coarse resolution in the com- 
puted MEE spectra, the results clearly demonstrate, similar 
to that reported by Hudson et al. (2008), that Mie simulations 
can not accurately reproduce the peak positions of silicate 
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wavelength (gm) wavelength (urn) wavelength (gm> 


Fig. 6. Dust MEE over all particle shapes, compositions and wavelengths (channels) with VMD corresponding to the frequently observed 
size rar.ge of (a) 3,5 pin, (b) 4.5 and (c) 5.5 pirn. Shapes consist of oblate and prolate spheroids (SP) with aspect ratios of 1 .8 and 05, 
respectively, spheres (S), and angular particles (A), calculated only for IR wavelengths for all 13 mineral compositions. The Hess/OPAC dust 
model is represented by the blue curves. 


minerals, i.e. quartz (9.2 pin) and clays (~10//m). On the 
other hand, non-spherical shapes are able to better reproduce 
the minerals’ true spectral features and should be used when 
modeling dust aerosol. 

The MEE values based on laboratory and field data 
(Fig. 5c) were found to lie within the bounds of the spec- 
tral envelope. Those from the spherical Hess/OPAC dust- 
soot mixture occupied the upper bound of the envelope from 
2.12-8/rm, while those from SAMUM 2006 for high dust 
conditions, for example, exhibited maximum values near 
a Bt = 0.8m 2 g -1 . 

If we restrict dust particle size to what is commonly mea- 
sured in the field, i.e. VMD between 3-6 ym (J. S. Reid et 
al., 2003), and use an aspect ratio of 1.8 for oblate spheroids, 
consistent with observations (Chou et al., 2008; Muller et 
al„ 2010; E. A. Reid et al., 2003), then a more represen- 
tative range of MEE spectra are given as shown in Fig. 6, 
where panels (a-c) are for a VMD of 3.5, 4.5, and 5.5 ^m, 
respectively. As before, the curves are color-coded accord- 
ing to particle morphology and the blue curves depict the 
Hess/OPAC parameterization for dust. The same two dom- 
inant peaks at X = 0.87 ppm and X = 9.0 ptm (including the 
third smaller peak at X = 10 pirn) have maximum MEE val- 
ues approaching nearly a ex t = 0.9 and 0.8 m 2 g -1 , respec- 
tively, with minimum values about an order of magnitude 
smaller. The bifurcation in the spheroidal MEE spectra 
(white curves), are due to the extreme differences in aspect 
ratios, where the upper/lower groups represent aspect ra- 
tios of 1 .8 and 0.5 (prolate), respectively. The MEE spectra 
for prolate spheroids are smaller due to the larger projected 
areas. 

At the shorter wavelengths (~ X = 0.87 ptm), trends in 
MEE were found as a function of VMD for spherical parti- 
cles , consistent with those reported in J . S . Reid et al . (2003) , 
i.e. as VMD goes up, the MEE decreases as VMD -0 , where 


a as I ; however non-spherical effects appear to play a role in 
the MEE (VMD) response curves. Non-spherical MEE val- 
ues at larger VMD do not fall off as quickly as do spheres 
(i.e., a << 1); hence we see larger MEE values for particles 
with higher VMD. Likewise, in the thermal IR we see similar 
effects, where MEE values generally appear to be larger with 
VMD and in fact at times, the MEE clearly increase with 
VMD as in the case of the pure mineral kaolinite, for ex- 
ample. The MEE (VMD) response in the thermal IR yields 
interesting physics which seems to be strongly tied with the 
particles’ composition and wavelength. 

4 3 Sensitivity of MEE to dust microphysics 
and chemistry 

Preliminary assessments and trends 

Examples depicting changes in MEE in response to pertur- 
bations in the dust physicochemical properties are illustrated 
in Fig. 7. Presented are MEE surface plots corresponding 
to each combination of dust parameters, where the rows and 
columns represent particle mineralogy and morphology, re- 
spectively. Here the VMD is defined for a coarse-mode size 
distribution with the baseline geometric standard deviation 
(cr g ) of 2.0 which we later adjust to assess the corresponding 
changes in MEE (see Sect. 4.3 - Particle size). The color 
bar depicts the MEE intensity where an upper value cutoff of 
«ext = 0-6 m 2 g _1 was chosen to help resolve the fine struc- 
ture detail in the MEE distributions. 

The panels share common regions which exhibit higher 
MEE intensity values ranging from ~0.3 to >0.6m 2 g _1 
which, like the MAE distributions in Fig. 4, are referred to as 
“hot-spots". These sharply contrast against the background 
MEE which are typically <0.2 m 2 g -1 . A quick inspection of 
the panels immediately reveals several interesting features. 
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Ilg. 7, Surface plots depicting MEE distributions (units are in m 2 g~*) for several key minerals as functions of particle chemistry (rows), 
particle morphology (columns - note the 2nd and 4th columns are only for IR wavelengths), and particle size (VMD) and wavelength X 
(vertical and horizontal axes, respectively). Columns 2 and 4 compare MEE for spheres and angular particles in the thermal IR (T1R). 
Gray hatched boxes denote data gap between X = 3.75 — 8pm. Note the changes in MEE distributions (hot-spots) when dust parameters are 
perturbed. 


1 . The shapes and positions of hot-spots vary depending 
on mineral type, and the particle’s respective size and 
shape. Particularly notable are the differences between 
minerals, where the hot-spots are related to absorption 
band number, position, shape and depth. For example, 
the quartz prism in Fig. 7h exhibits two hot-spots in the 
IR: one due to the dominant fundamental asymmetric O- 
Si-O stretching vibration near 9.2 pm and another that 
is less apparent due to the weaker symmetric O-Si-O 
stretching vibration around 12 pm denoted by the black 
arrow (Farmer, 1974). Evidently, the latter region is not 
so easily discerned in the smooth particles (e.g., com- 
pare Fig. 7e through 7g). Kaolinite plates (Fig. 71), on 
the other hand, have one hot-spot centered near 10pm. 
The central positions of the hot-spots are nearly consis- 
tent with the peak vibrational frequencies of each min- 
eral as noted by Karr et al. (1975): quartz (9.2pm) and 
kaolinite (9.6-9 .7 pm). 

2. At the shortest wavelength (X = 0.870 pm), the MEE in- 
creases as VMD decreases, since particle size is on the 
order of the incident wavelength. 

3. The hot-spots appear to follow the particle’s geome- 
try 1 , particularly spheroids, and are evidence for shape 


dependency in the optical properties. For example at 
the shorter wavelengths, the hot-spots associated with 
spherical particles (Fig. 7a, e, and i) appear to be 
more rounded and distributed symmetrically over the 
size and wavelength domains (VMD ~ 1-6 pm and X = 
0.870 — 3.75 pm, respectively), whereas those for oblate 
spheroids (spheres stretched along the equatorial axis 
— see Fig. 7c, g, and k) are more elongated with re- 
spect to particle size and are more narrowly confined 
in wavelength. Notable differences in the hot-spots of 
angular particles are also apparent both in intensity and 
position (e.g., gypsum - Fig. 7d and quartz - Fig. 7h), 
and are consistent with the spectral features reported in 
previously published literature (e.g., Karr et al., 1975; 
Farmer et al., 1974; Salisbury et al., 1991). For ex- 
ample, the spectral shifts in MEE between spheres and 
angular quartz particles (Fig. 5b) can be seen by com- 
paring Fig. 7f and h. Generally, sharp-edged particles 
tend to produce wider and more symmetric MEE dis- 
tribution patterns from about 8-10pm compared with 
spheres and spheroids, perhaps due to the edge effects 
in the optical properties of the particles. 
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Trends noted in the MEE spectra are as follows. At the 
shorter wavelengths (A. = 0.87 /an), MEE generally tends to 
increase when going from spheres to spheroids (e.g„ Figs. 5 
and 6). To evaluate the shortwave effects on MEE due to dis- 
crete shapes, we use the computed (Q e ) from Kalashnikova 
et al. (2004) for a quartz-'nematite mixture (10%) consisting 
of 1 /an sized particles. The single particle MEE for several 
geometries including plates, irregular grains, tetrahedrons, 
and rectangles were calculated and were found to lie in the 
range of 0.81-1. 19m 2 g _l , about 2-3 times greater than that 
of spheres (e.g., red curves in Figs. 5 and 6). Increases in 
MEE at short wavelengths are primarily due to enhancements 
in scattering (MSE), when MAE tends to zero. 

Across the thermal IR, changes in MEE due to shape 
are strong functions of VMD and wavelength, particularly 
if MEE is evaluated at the mineral resonant frequencies 
where the absorption coefficients are high. At these frequen- 
cies, MAE and consequently MEE generally tend to increase 
when going from spheres to spheroids, particularly for larger 
particles; however, outside of these strongly absorbing re- 
gions, both MAE and MEE tend to decrease. Similar changes 
in MEE and MAE are also apparent when going from spheres 
to the discrete angular shapes. The behavior of MEE in the 
IR is strongly linked to changes in MAE which ultimately 
depend on both wavelength and VMD. 

Next the effects of each parameter on the MEE spectra are 
examined in the order of particle chemistry, size, and mor- 
phology. 


Particle chemistry 

To illustrate the impact of chemistry on dust MEE, we ana- 
lyze dust grains with a VMD of about 3 pm (Fig. 8a), which 
roughly correspond to the median size of the MEE distribu- 
tions. Note that granular particles have been routinely ob- 
served (E. A. Reid et al., 2003) and are commonly employed 
in optical dust models (Kalashnikova et al., 2005). The MEE 
spectra for six pure minerals (quartz, gypsum, illite, kaoiin- 
ite, montmorillonite, and muscovite), one clay-hematite mix- 
ture (kaolinite-hematite), and one bulk dust parameterization 
(Hess/OPAC) are given. Immediately apparent are two dom- 
inant peaks in the spectra, one narrowly positioned at 9 pm 
and another centered around 10 pm. Incidentally, a smaller 
third peak is also visible around X = 12/mi due to quartz. 
The second peak is more broadly distributed over wavelength 
than the first since there are a greater number of absorp- 
tion bands, particularly for the clay minerals in the range of 
~9-l 1 «n. Note that both quartz and gypsum exhibit the 
strongest peaks over the thermal IR. This also includes the 
quartz-hematite mixture (not shown). Adding hematite to 
clays, shown by the green curve (squares) for a kaolinite- 
hematite mixture, decreases MEE in the strongly absorb- 
ing region of X — 9 — 1 1 pm. At X = 10 pm, for example, 
MEE is reduced by almost 14% when kaolinite is internally 
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Fig. 8. Sensitivity of MEE to dust microphysics and chemistry 
(a) particle chemistry, (b) particle size (VMD), and (c) particle mor- 
phology. SD1 and SD2 are the particle shape distribution scenarios. 
See text for details. 

mixed with 10% hematite (Sect. 2.1), although this is likely 
an overestimate for natural dust as the iron-oxide content 
in mineral dust typically does not exceed 5% (Lafon et al., 
2006). Further analysis of this effect is illustrated in Fig. 9, 
where the change in MEE (Fig. 9a), MAE (Fig. 9b), and 
MSE (Fig. 9c) are shown after hematite has been added (i.e. 
AM X E — M X E hematite — My. Enohematite, where X = E , A, 
and S, respectively). Here, positive values denote regions 
of enhanced absorption and scattering due to the presence 
of hematite. Because kaolinite is a much stronger absorber 
than hematite in the thermal IR (compare Fig. lc and d), 
the addition of hematite increases kaolinite’s absorption effi- 
ciency (Fig. 9b) for all particle sizes at wavelengths between 
X = 8 — 9 pm. This effect is sensitive to particle size where 
AM y E falls off with an increase in VMD. This is also ob- 
served, albeit a weaker effect, in the MSE (Fig. 9c). Like- 
wise, where absorption is weaker in kaolinite (X ~ 8 - 9 pm), 
the added hematite increases the kaolinite’s absorption effi- 
ciency (Fig. 9b). These same patterns are similar for the other 
clays. 


Atmos. Chem. Phys., 11, 1527-1547, 2011 


www.atmos-chem-phys.net/1 1/1 527/20 11/ 






R. A. Hansell Jr. et al.: Dust MEE from the near to thermal IR 


J 541 



wavelength (iim) 



wavelength (urn) 



wavelength (pm) 


Fig. 9. Sensitivity of MEE to a clay-hematite mixture. Difference 
plots are shown for (a) AMEE, (b) AMAE, and (c) AMSE. All 
units are in m 2 g"' . See text for details. 

Lastly, it is evident that the MEE spectrum corresponding 
to the Hess/OPAC parameterization (Fig. 8a, dashed black 
curve) is a heterogeneous mixture of silicates and clays. Dis- 
playing a central peak around 10//m, the spectrum resembles 
those tor the clays, particularly illite; however from about 
ll-12;<m the spectrum looks more similar to quartz. For 
many dust applications in the thermal 1R, the Hess/OPAC 
parameterization represents a reasonable approach for mod- 
eling dust; particularly in regions where clays dominate. 
Where potential problems might arise, however, is when the 


MEE ratios 



Fig. 10. Log scale of MEE ratios (q:ir/q!nir) versus VMD for the 
Hess/OPAC parameterization using spheres and oblate spheroids 
with aspect ratio 1 ,8. The IR wavelengths (legend) are the centers 
of AVHRR channels 3 , 4, and 5, respectively. Refer to Table 4. 

main dust component is either quartz or gypsum which can 
lead to errors in MEE of up to 100% for wavelengths between 
8-9 ^m. This corresponds to the 8.6/tm channel widely used 
in many remote sensing applications. It is important to point 
out that these bulk dust models may miss the larger absorp- 
tion features that are otherwise present in a homogeneous 
dust mixture. Potential errors may include the retrieval of 
key dust and surface parameters, and the quantitative assess- 
ment of DARE used in climate research. 

Particle size 

To illustrate the impact of particle size on dust MEE, we 
again choose to analyze granular quartz particles. Fig- 
ure 8b shows the resulting MEE spectra as a function of 
particle VMD which varies from 1. 6-20.0 pm using the 
reference geometric standard deviation (<r g ) of 2.0. Note 
the largest changes in MEE occur at the peak absorbing 
wavelength (~ A = 9/<m) for particle sizes with a VMD in 
the range of ~1.6-6/<m. At the remote sensing channels 
(A = 8.6, 1 1 , and 12/rm), MEE sensitivity to particle size is 
greatest at A = 8.6 /rm, where absolute differences in MEE 
can exceed 0.15 m 2 g -1 . For wavelengths between A=8.1- 
9. 9 iim and greater than A = 12/<m, MEE clearly increases 
as VMD decreases, consistent with the shortwave calcula- 
tions of J. S. Reid et al. (2003). (It is important to note that 
J. S. Reid et al., 2003 employed spheres and the refractive 
indices of Shettle and Fenn, 1979). Curiously, the corre- 
lation between MEE and VMD was not observed between 
A = 10— 12/rm, which may be directly related to the behavior 
of quartz particles at these wavelengths (refer to discussion 
on MEE vs. VMD - Sect 4.2). 

To assess the sensitivity of MEE to changes in the cr s , 
we performed a series of tests in which a g was adjusted to 
±0.3 of the reference value (2.0). The absolute differences in 
MEE were largest at the wavelengths where peak absorption 
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occurs. For granular quartz and Hess/OPAC dust models, 
MEE were ~ ±0.04 m 2 g _1 and ±0.02 m 2 g _1 within their 
reference values at 9 and 10pm, respectively. Hence the 
Hess/OPAC model is less sensitive by a factor of about 2 to 
changes in a„, which could be related to the heterogeneity of 
its dust composition. 

Particle shape 

To illustrate the impact of particle shape on dust MEE, we 
again choose quartz particles with a size distribution charac- 
terized by the median VMD of ~3 pm. In Fig. 8c, the results 
for spheres, spheroids, rectangles, grains, prisms, and the two 
shape distributions (SD1 and SD2) are given. 

Apparent are the large differences in MEE between 
smooth and angular particles, particularly between 8-10pm. 
The spheres and oblate spheroids (OS), for example, exhibit 
large spectral peaks at 8.5 and 9 pm, respectively, which 
are not seen in the angular particles, likely due to the edge 
effects. As previously noted in Sect. 4.1, the Mie solu- 
tions for the quartz resonance peak at 9.2 pm is blue-shifted 
nearly 0.5 pm, and is incorrectly positioned near 8.5pm. The 
spheroids and angular particles on the other hand are much 
closer to the true resonance frequency of quartz. 

For angular particles, the sensitivity appears to be 
largest in the wavelength range of 9—10.5 pm, with rectan- 
gles/hexagonal prisms yielding maximum MEE. At 9pm, for 
example, absolute differences between angular shapes ap- 
proach ~0.2m 2 g -1 . At the most common remote sensing 
wavelengths, MEE sensitivity to shape is not as strong, but 
appears to be largest at X = 12pm. 

Lastly, we evaluate MEE spectra for two dust scenarios; 
SD1 (background dust) and SD2 (dust storm) similar to those 
described in Kalashnikova et al. (2002) and are defined as; 
SD1 -20% spheres + 50% angular +30% oblate spheroids 
(background dust) 

SD2 — 5% spheres + 75% angular + 20% oblate spheroids 
(dust storm) 

Although dust storms may contain giant-sized particles 
that exceed our maximum VMD of 20 pm, the size range em- 
ployed in this study along with the SD2 model, allow for a 
reasonable characterization of a dust storm’s impact on MEE. 

For a polydispersed SD, weighting factors are applied to 
the total MEE corresponding to each mineral habit. For ex- 
ample, in background dust, spheres are mixed with spheroids 
and angular particles and are weighted by the factors 020, 
0.30, and 0.50, respectively. Since the SD is a weighted 
mixture of the mineral habits, the resulting MEE spectra 
(SD1/SD2) appear to be much smoother (Fig. 8c - red/blue 
curves). Note that by adding more angular particles to the 
distribution, the magnitude of MEE spectra increases in the 
9-12.5 pm range, whereas between 8-9 pm, the effects of the 
smooth particles dominate. 


4.4 Comparisons of MEE between the near and 
thermal IR 

To identify spectral relationships in the optical properties of 
dust between the near and thermal IR, ratios of MEE are ana- 
lyzed over all possible particle compositions and sizes using 
spheres and spheroids . Since the Hess/OPAC and kaolinite- 
hematite optical models are frequently applied in dust re- 
search (e.g., Huang et al., 2009; Balkanski et al., 2007; 
Hansell et al., 2008), we specifically focus on these com- 
positions to help illustrate these relationships. 

To this end, MEE at the near-lR wavelength of X = 
0.870pm are compared to those at the IR wavelengths (i.e. 

X = 3.75,8.0,8.6,9, 10,11, and 12pm). Although dust op- 
tical properties exhibit a spectral dependence at the visi- 
ble wavelengths (e.g., Muller et al., 2009), the properties 
at X = 0.870 pm are used as a proxy for representing wave- 
lengths down through the green to estimate the optical prop- 
erties across the visible-IR spectrum. For example, MEE de- 
rived from bulk mass and light scattering measurements at 
the visible wavelengths can be converted to an equivalent in 
the IR for use in radiation transfer and climate modeling stud- 
ies. To put these comparisons into context for remote sensing 
purposes, the center-wavelengths of AVHRR channels 3, 4, 
and 5 (X = 3.75, 10.8, and 12.0pm, respectively) are used as 
an example. 

Computed MEE ratios (are/ a Nre) between the near-IR 
(X = 0.870pm) and IR channels (3.75-12pm) are listed in 
Table 4 for spheres and oblate spheroids (OS - aspect ra- 
tio = 1 .8) using the two prescribed dust compositions, with 
VMDs of 1.5, 3, and 6pm. Note the AVHRR channels 
are listed in column 2. To better illustrate the dependence 
of particle size on MEE ratios, the data from Table 4 are 
shown plotted in Fig. 10 for spheres and oblate spheroids (as- 
pect ratio = 1 .8), using the Hess/OPAC dust parameterization. 
The gray/black curves denote the spherical /spheroidal parti- 
cle geometries, respectively, while the markers indicate the 
AVHRR IR channels. The mean IR/visible optical depth ra- 
tio reported by DeSouza-Machado et al. (2006) (0.425) falls 
within the range presented here (are/aNiR = 0.3 —0.7) as- 
suming a Hess/OPAC spherical dust model for the commonly 
observed VMDs of 3-6 pm at X = 10.8pm (channel 4). 

Apparent is the rapid increase and convergence 
(aiR/aNiR = 1 ; broken black line) of the MEE ratios for both 
shapes as particle VMD increases, an effect attributed to the 
changing particle size parameter (i.e., asjiR > <*re for small 
particles, and are > asire for large particles). Depending on 
particle size, the ratios display a shape dependency, where 
spheroids tend to have a greater impact (i.e., larger MEE) 
at visible wavelengths (o;nir/“ir S 1) than do spheres for 
particle sizes with VMDs < "“9 pm. For larger particles 
(VMDs > ~9 pm) however, aisre/ a iR < 1 and the MEE 
ratios are nearly insensitive to shape. The magnitude of 
the ratio effectively tracks the relative significance of dust 
extinctive properties between the visible and IR wavelengths. 
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Table 4. MEE ratios (o!]r/q!nir) - from the near to thermal IR. 


Shape 

Wavelength/Channe! 

Kaolinite-hematite 

mixture 

OPAC/Hess 

Parameterization 3 


A. (ja n) 

VMD {m) 

VMD (jim) 

1.5 

3 

6 

15 

3 

6 


3.75/(3) 

0.48 

0.83 

1.11 

0.17 

0.59 

1.00 


8.0 

0.03 

0.05 

0.11 

0.05 

0.12 

0.25 


8.6 

0.09 

0.14 

0.22 

0.09 

0.22 

0.37 

Sphere 

9.0 

0.40 

0.50 

0.63 

0.15 

0.45 

0.83 


10.0 

0.38 

0.77 

1.11 

0.15 

0.53 

1.00 


10.8 1(4) 

0.31 

0.63 

1.00 

0.08 

0.33 

0.71 


11.0 

0.29 

0.63 

1.00 

0.07 

0.28 

0.63 


12. 0/(5) 

0.05 

0.19 

0.43 

0.10 

0.31 

0.63 


3. 75/(3) 

0.03 

0.14 

0.33 

0.04 

0.14 

0.32 


8.0 

0.01 

0.01 

0.02 

0.03 

0.04 

0.07 


8.6 

0.02 

0.04 

0.06 

0.07 

0.09 

0.14 

Spheroid 

9.0 

0.13 

0.17 

0.25 

0.08 

0.14 

0.27 

(OS 1.8) 

10.0 

0.05 

0.14 

0.31 

0.06 

0.14 

0.31 


10.8/(4) 

0.05 

0.11 

0.26 

0.04 

0.08 

0.17 


11.0 

0.05 

0.11 

0.24 

0.03 

0.06 

0.14 


12. 0/(5) 

0.01 

0.02 

0.05 

0.06 

0.09 

0.18 


Note: AVHRR channels 3, 4 and 5 are listed in column 2. 

H See Fig. 10 for plot of OPAC/Hess MEE ratios using spheres and spheroids. 

4.5 Discussion 

The efficacy of this study can be demonstrated with a sim- 
ple example. Suppose the research objective is to esti- 
mate optical properties in the IR to approximate dust im- 
pacts on AVHRR SST retrievals. Note this example can 
also be applied to approximating dust impacts on retrievals 
of other key land or atmospheric parameters. For simplic- 
ity, we assume dust particles are spherical and that MEE 
at 0.55 can be derived from bulk mass and light scat- 
tering/absorption measurements. Following J. S. Reid et 
al. (2003), an average MEE of ~0.65m 2 g _1 at 0.55 /rm is 
implied for Saharan dust after adding the contributions from 
scattering (0.5 ± 0.1 m 2 g~ 1 , Maring et al., 2000) and absorp- 
tion (0.08m 2 g _l , personal communications with D. Savoie, 
2001). Applying the Hess/OPAC dust model for a parti- 
cle VMD of 3.0/^m (Table 4), the corresponding MEE at 
3.75, 10.8, and 12.0 /rm are estimated to be ~0.4, 0.21 , and 
0.20m 2 g~' , respectively. The MEE in turn translates into a 
dust IR aerosol optical depth (AOT) of around r =0.4,0.21, 
and 0.20 at the three wavelengths, respectively, assuming a 
column dust load of 1 gm~ 2 . Incidentally, the visible AOT 
(0.55 lira) is r = 0.65. Using the estimated channel AOTs 
and accounting for the atmospheric state, surface properties 
and dust distribution in a radiative transfer model, the dust 
effect can be calculated by the difference in brightness tem- 
perature (BT) between channels 4 and 5 (i.e., BT4-BT5) of 


the AVHRR with and without dust. If, for example, the dust 
top/bottom is 2.0/0.5km, respectively (Az = 1.5km), in an 
atmosphere characterized by a mid-latitude summer profile, 
the SST will be negatively biased by ~1 °C. 

Other potential benefits of extending field derived MEE at 
the visible wavelengths to the IR include: (1) characterizing 
the thermal impacts of dust aerosol during retrievals of water 
vapor using AIRS spectral data, for example, where biases 
due to atmospheric dust can be important in applications such 
as weather-forecasting and (2) estimating regional longwave 
DARE over the column atmosphere to help facilitate a better 
understanding of ensuing surface-air exchange processes and 
ultimately the general circulation of the atmosphere. 

The upper and lower bounds of the MEE spectral enve- 
lope computed in this study are aimed at providing a range 
of plausible values covering an extended array of dust micro- 
physical and chemistry perturbations. Further constraints in 
key aerosol measurements (e.g., particle size, composition, 
etc.), will continue to advance our knowledge of dust MEE 
data from the near to thermal IR. 
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5 Summary 

Sensitivity analyses were performed over an extended range 
of dust microphysical and chemistry perturbations, to deter- 
mine a plausible range of MEE for terrestrial atmospheric 
dust, at wavelengths commonly used in remote sensing span- 
ning the near to thermal IR. Over the parameterizations in- 
vestigated, the upper and lower bounds of the MEE spectral 
envelope were found. For reference, MEE spectra based on 
field and laboratory data were also computed. The following 
major conclusions were noted: 

- In the frequently observed dust size range (VMD = 3- 
6 fan), two dominant peaks were identified: one at 
A = 0.870/<m and the other at k = 9/tm, with max- 
imum MEE values reaching nearly a e .:t = 0.90 and 
0.80,m 2 g _l , respectively. Both maxima were at- 
tributed to non-spherical particles with the near-IR peak 
composed primarily of gypsum, clay minerals and the 
clay-hematite mixture. The second peak was mostly at- 
tributed to quartz due to the strong Si-0 stretch reso- 
nance at 9.2/tm. 

- Mie spherical MEE solutions for quartz spheres in the 
thermal IR are blue-shifted hy ~0.5/rm compared with 
spheroids and angular particles. As shown in previous 
studies, spherical particles are not able to accurately re- 
produce the resonance peaks commonly found in sili- 
cate minerals. 

- The shapes in MEE spectral distributions appear to fol- 
low particle geometry, particularly for oblate spheroids. 
This provides more evidence for shape dependency in 
the optical properties of mineral dust. 

- Generally, angular particles have wider and more sym- 
metric MEE spectral distributions from 8-10/tm than 
those with smooth surfaces, likely due to their edge- 
etfects. 

- At shorter wavelengths (X = 0.87 /<m), MEE tends to in- 
crease when going from spherical to non-spherical par- 
ticles. Single particle MEE for several angular geome- 
tries was found to be about 2-3 times greater than that of 
spheres. Increases in MEE at short wavelengths are pri- 
marily due to enhancements in scattering (MSE), when 
MAE tends to zero. 

- In the thermal IR, changes in MEE due to particle shape 
strongly depend on VMD and wavelength, particularly 
if MEE is evaluated at the mineral resonant frequencies 
where MEE and MAE generally tend to increase when 
going from spheres to non-spheres; however, outside of 
these strongly absorbing regions, MEE and MAE tend 
to decrease. 

This study not only bounds the MEE of dust aerosols over the 
parameter space examined, but it also provides a mechanism 


R. A. Hansell Jr. et al.; Dust MEE from the near to thermal IR 

for linking the spectral optical properties of dust between the 
visible and IR wavelengths. Potential applications for the de- 
rived MEE data include remote sensing of atmospheric and 
surface parameters (e.g., SST and water vapor), computing 
LW energetics and DARE, and providing a reference for field 
derived MEE. Further constraints in key aerosol measure- 
ments (e.g., particle size, composition, etc.), will continue to 
advance our knowledge of dust MEE from the near to ther- 
mal IR. 

List of key acronyms and symbols 


ACE-Asia 

Aerosol Characterization Experiment-Asia 

AMMA 

African Monsoon Multidisciplinary Analyses 

DABF.X 

Dust and Biomass Burning Experiment (during AMMA) 

DARE 

Direct aerosol radiative effect 

MAE 

Mass absorption efficiency 

MEE 

Mass extinction efficiency 

MSE 

Mass scattering efficiency 

NAMMA 

NASA African Monsoon Multidisciplinary Analyses 

OPAC 

Optical properties of aerosols and clouds 

PRIDE 

Puerto Rican Dust Experiment 

SAMUM 

Saharan Mineral Dust Experiment 

SHADE 

Saharan Dust Experiment 

SOPO 

Special Observing Period 0 (during AMMA) 

UAE 2 

United Arab Emirates Unified Aerosol Experiment 

VMD 

Volume median diameter 

asp 

Single particle mass extinction efficiency 

aext 

Mass extinction efficiency 

k 

Imaginary component of refractive index 

a' 

Absorption coefficient 

V2 

Fundamental asymmetric stretching vibration 

V 

Wavenumber (cm - 1 ) 

Pc 

Extinction coefficient 

Qe 

Optical extinction efficiency 

o c 

Extinction cross section 

m 

Complex refractive index 

k' 

Free-space wave number 


Supplementary material related to this 
article is available online at: 
http://www.atmos-chem-phys.net/ll/1527/2011/ 
acp- 11-1527-2011- supplement.pdf. 
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MAE (a a bs) for common dust minerals - Units are in m 
kaolinite 


Shape 

Type 

Aspect 

Ratio 

Mineral 

Type 





Prolate 

0.3 

kaolinite 




1 

Prolate 

0.3 

kaolinite 

3 

0 

0 


Prolate 

0.3 

kaolinite 

6 

0 

0 


Prolate 

0.3 

kaolinite 

9 

0 

0 


Prolate 

0.3 

kaolinite 

12 

0 

0 


Prolate 

0.3 

kaolinite 

18 

0 

0 


Prolate 

0.3 

kaolinite 

20 

0 

0 


Prolate 

0.5 

kaolinite 

1.6 

0 

0 


Prolate 

0.5 

kaolinite 

3 

0 

0 


Prolate 

0.5 

kaolinite 

6 

0 

0 


Prolate 

0.5 

kaolinite 

9 

0 

0 


Prolate 

0.5 

kaolinite 

12 

0 

0 


Prolate 

0.5 

kaolinite 

18 

0 

0 


Prolate 

0.5 

kaolinite 

20 

0 

0 


Prolate 

0.8 

kaolinite 

1.6 

0 

0 


Prolate 

0.8 

kaolinite 

3 

0 

0 


Prolate 

0.8 

kaolinite 

6 

0 

0 


Prolate 

0.8 

kaolinite 

9 

0 

0 


Prolate 

0.8 

kaolinite 

12 

0 

0 


Prolate 

0.8 

kaolinite 

18 

0 

0 


Prolate 

0.8 

kaolinite 

20 

0 

0 


H^5!555& 

1 

kaolinite 

1.6 

0.001 

0.001 


Sphere 

1 

kaolinite 

3 

0.001 

0.001 


Sphere 

1 

kaolinite 

6 

0.001 

0.001 



1 

kaolinite 

9 

0.001 

0.001 



1 

kaolinite 

12 

0.001 

0.001 



1 

kaolinite 

18 

0.001 

0.001 



1 

kaolinite 

20 

0.001 

0.001 


Oblate 

1.4 

kaolinite 

1.6 

0.001 

0.001 


Oblate 

1.4 

kaolinite 

3 

0.001 

0.001 




mm 




■ 



1 

RSI 

■01 

1 

IfSI 
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■8M 


0 

0.001 

0.001 

0.003 

0.013 

0.07 

0.04 

0.037 

0.004 

0 

0.001 

0.001 

0.003 

0.013 

0.064 

0.05 

0.042 ! 

0.004 

0 

0.001 

0.001 

0.003 

0.012 

0.057 

0.058 

0.046 

0.004 

0 

0.001 

0.001 

0.003 

0.011 

0.051 

0.065 

0.05 

0.005 

0 

0.001 

0.001 

0.003 

0.011 

0.047 

0.069 

0.052 

0.005 

0 

0.001 

0.001 

0.003 

0.011 

0.044 

0.071 

0.054 

0.005 

0 

0.001 

0.001 

0.003 

0.01 

0.041 

0.072 

0.055 

0.005 

0 

0 

0.001 

0.003 

0.01 

0.054 

0.025 

0.024 

0.003 

0 

0.001 

0.001 

0.003 

0.01 

0.048 

0.033 

0.029 

0.003 

0 

0.001 

0.001 

0.003 

0.009 

0.041 

0.04 

0.034 

0.004 

0 

0.001 

0.001 

0.003 

0.008 

0.033 

0.043 



0 

0.001 

0.001 

0.003 

0.007 

0.027 

0.042 


■nm» 

0 

0.001 

0.001 

0.003 

0.007 

0.023 

0.038 

0.035 

0.005 

0 

0.001 

0.001 

0.003 

0.006 

0.019 

0.032 

0.032 

0.006 

0 

0 

0.001 

0.002 

0.008 

0.042 

0.016 

0.017 

0.002 

0 

0 

0.001 

0.002 

0.007 

0.037 

0.023 

0.021 

0.002 

0 

0.001 

0.001 

0.002 

0.007 

0.031 

0.029 

0.024 

0.003 

0 

0.001 

0.001 

0.002 

0.006 

0.023 

0.031 

0.026 

0.003 

0 

0.001 

0.001 

0.002 

0.005 

0.018 

0.027 

0.025 

0.004 

0 

0.001 

0.001 

0.002 

0.005 

0.014 

0.023 

0.022 

0.004 

0 

0.001 

0.001 

0.002 

0.004 

0.011 

■OMIf 

0.018 

0.004 

0.001 i 

0.002 

0.004 

0.009 

0.033 

0.157 

0.127 

0.106 

0.012 

0.001 

0.002 

0.004 

0.009 

0.029 

0.115 

0.143 

0.118 

0.016 

0.001 

0.002 

0.004 

0.009 

0.024 

0.081 

0.121 

0.107 

0.018 

0.001 

0.002 

0.005 

0.009 


0.053 

0.082 

0.079 

0.02 

0.001 

0.002 

0.004 

0.008 

0.016 

0.035 

0.051 

0.054 

0.02 

0.001 

0.002 

0.004 

0.008 

0.014 

0.026 

0.035 

0.038 

0.02 

0.001 

0.002 

0.004 

0.008 

0.011 

0.019 

0.024 

0.027 

0.018 

0.001 

0.001 

0.002 

0.007 

0.028 

0.147 

0.057 

0.059 

0.008 

0.001 

0.002 

0.002 

0.007 

0.026 

0.129 

0.081 

0.073 

0.009 
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kaolinitc 

kaolinite 

kaolinite 

kaolinite 

kaolinite 
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kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 

kaolinite 


0.009 

0.025 

0.089 

0.15 

0.125 

0.018 

0.009 

0.021 

0.063 

0.102 

0.093 

0.02 

0.009 

0.018 

0.045 

0.066 

0.066 

0.02 

0.008 

0.016 

0.034 

0.046 

0.049 

0.02 

0.008 

0.014 

0.026 

0.033 

0.035 

0.019 

0.009 

0.028 

0.128 

0.215 

0.151 

0.015 

0.009 

0.026 

0.106 

0.178 

0.137 

0.017 

0.009 

0.023 

0.081 

0.135 

0.114 

0.019 

0.009 

0.019 

0.055 

0.089 

0.083 

0.02 

0.009 

0.016 

0.038 

0.057 

0.058 

0.02 

0.008 

0.014 

0.028 

0.039 

0.042 

0.019 

0.008 

0.012 

0.021 

0.027 

0.03 

0.018 

0.009 

0.029 

0.134 

0.203 

0.154 

0.015 

0.009 

0.026 

0.11 

0.172 

0.141 

0.017 

0.009 

■now 

0.084 

0.133 

0.118 

0.019 

0.009 

0.02 

0.058 

0.09 

0.087 

0.02 

0.009 

0.017 

0.04 

0.059 

0.061 

0.02 

0.008 

0.015 

0.03 

0.041 

0.044 

0.019 

0.008 

0.013 

0.023 

0.028 

0.031 

0.018 

0.009 

0.029 

0.135 

0.219 

0.152 

0.014 

0.009 

0.026 

0.11 

0.181 

0.139 

0.017 

0.009 

0.023 

0.083 

0.136 

0.116 

0.02 

0.009 

0.019 

0.055 

0.088 

0.084 

0.021 

0.009 

0.015 

0.037 

0.055 

0.057 

0.021 

0.008 

0.013 

0.027 

0.037 

0.041 

0.02 

0.008 

0.011 

0.02 

0.025 

0.028 

0.019 

0.009 

0.029 

0.135 

0.242 

0.171 

0.015 

0.009 

0.027 

0.112 

0.2 

0.151 

0.017 

0.009 

0.024 

0.087 

0.15 

0.123 

0.019 

0.009 

0.02 

0.06 

0.099 

0.089 

0.019 

0.009 

0.016 

0.041 

0.063 

0.062 

0.019 

0.008 

0.014 

0.03 

0.044 

0.045 

0.018 

0.008 

0.012 

0.022 

0.031 

0.033 

0.016 
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Oblate 
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Oblate 
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Oblate 
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Oblate 

1.8 

Oblate 

1.8 

Oblate 
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Oblate 
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Oblate 
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Oblate 

1.8 

Oblate 

1.8 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 


cube 


cube 

cube 


cube 


cube 

Explicit 

Explicit 

Explicit 

Explicit 

cube 

cube 

grain 

grain 


grain 


1332 


0 

0 

0 

0 

0 
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0 

0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0.013 

0.21 

0.148 

0.011 

0.007 

0.007 

0.013 

0.118 

0.112 

0.014 

0.008 

0.008 

0.013 

0.074 

0.084 

0.015 

0.008 

0.008 

0.012 

0.048 

0.061 

0.016 

0.009 

0.009 

0.013 

0.569 

0.136 

0.005 

0.004 

0.004 

0.013 

0.443 

0.167 

0.006 

0.004 

0.005 

0.013 

0.314 

0.172 

0.008 

0.005 

0.006 

0.013 

0.191 

0.148 

0.011 

0.006 

0.006 

0.013 

0.113 

0.112 

0.013 

0.007 

0.007 

0.012 

0.073 

0.083 

0.014 

0.008 

0.008 

0.012 

0.047 

0.06 

0.015 

0.008 

0.008 

0.012 

0.396 

0.148 

0.005 

0.004 

0.004 

0.012 

0.328 

0.176 

0.006 

0.004 

0.005 

0.012 

0.256 

0.181 

0.008 

0.005 

0.005 

0.012 

0.185 

0.165 

0.009 

0.005 

0.006 

0.012 


0.14 

0.011 

0.006 

0.006 

0.012 

0.106 

0.118 

0.012 

0.007 

0.007 

0.012 

0.083 

0.098 

0.013 

0.007 

0.007 

0.011 

0.297 

0.158 

0.005 

0.004 

0.004 

0.011 

0.257 

0.184 

0.006 

0.004 

0.004 

0.011 

0.216 

0.191 

0.007 

0.004 

0.005 

0.011 

0.178 

0.182 

0.008 

0.005 

0.005 

0.011 

0.15 

0.166 

0.009 

0.005 

0.005 

0.011 

0.132 

0.151 

0.009 

0.005 

0.006 

0.011 

0.115 

0.134 

0.01 

0.006 

0.006 

0.019 

0.232 

0.321 

0.013 

0.008 

0.008 

0.018 

0.179 

0.246 

0.016 

0.01 

0.01 

0.018 

0.126 

0.169 

0.019 

0.011 

0.011 

0.017 

0.077 

0.099 

0.021 

0.012 

0.012 

0.016 

0.047 

0.057 

0.021 

0.013 

0.013 

0.015 

0.031 

0.038 

0.019 

0.013 

Bum 

0.013 

0.022 

0.026 

0.017 

0.012 

0.012 

0.019 

0.249 

0.341 

0.013 

0.008 

0.009 

0.018 

0.198 

0.266 

0.016 

0.009 

0.01 

0.018 

0.145 

0.189 

0.019 

0.011 

0.011 
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MAE (ciabs) for common dust minerals - Units are in m 2 g ' 1 

quartz 


Shape 

Aspect 

Mineral 





mam 





Type 

Ratio 

Type 

H5fl 

mmm 



umm 




■flSK 

Prolate 

0.3 

quartz 

1.6 

0 

o 

0 

0 

0 

0.031 

0.165 

0.481 

Prolate 

0.3 

quartz 

3 

0 

0 

0 

0 

0 

0.028 

0.17 

0.243 

Prolate 

0.3 

quartz 

6 

0 

0 

0 

0 

0 

0.025 

0.153 

0.12 

Prolate 

0.3 

quartz 

9 

0 

0 

0 

0 

0 

0.022 

0.125 

0.057 

Prolate 

0.3 

quartz 

12 

0 

0 

0 

0 

0 

0.02 

0.099 

0.034 

Prolate 

0.3 

quartz 

18 

0 

0 

0 

0 

0 

0.019 

0.08 

0.026 

Prolate 

0.3 

quartz 

20 

0 

0 

0 

0 

0 

0.018 

0.063 

0.021 

Prolate 

0.5 

quartz 

1.6 

0 

0 

0 

0 

0 

0.024 

0.247 

0.109 

Prolate 

0.5 

quartz 

3 

0 

0 

0 

0 

0 

0.021 

0.212 

0.099 

Prolate 

0.5 

quartz 

6 

0 

0 

0 

0 

0 

0.018 

0.151 

0.067 

Prolate 

0.5 

quartz 

9 

0 

0 

0 

0 

0 

0.014 

0.087 

0.034 

Prolate 

0.5 

quartz 

12 

0 

0 

0 

0 

0 

0.012 

0.047 

0.016 

Prolate 

0.5 

quartz 

18 

0 

0 

0 

0 

0 

0.01 

0.029 

0.01 

Prolate 

0.5 

quartz 

20 

0 

0 

0 

0 

0 

0.009 

0.019 

0.007 

Prolate 

0.8 

quartz 

1.6 

0.004 

0.002 

0.001 

0.001 

0 

0.022 

0.096 

0.051 

Prolate 

0.8 

quartz 

3 

0.005 

0.002 

0.002 

0.002 

0.001 

0.019 

0.091 

0.053 

Prolate 

0.8 

quartz 

6 

0.005 

0.003 

0.002 

0.002 

0.001 

0.016 

0.073 

0.044 

Prolate 

0.8 

quartz 

9 

0.004 

0.002 

0.002 

0.002 

0.001 

0.012 

0.048 

0.028 

Prolate 

0.8 

quartz 

12 

0.004 

0.002 

0.002 

0.002 

0.001 

0.01 

0.03 

0.016 

Prolate 

0.8 

quartz 

18 

0.003 

0.002 

0.002 

0.002 

0.001 

0.008 

0.019 

0.01 

Prolate 

0.8 

quartz 

20 

0.003 

0.002 

0.002 

0.002 

0.001 

0.007 

0.013 

0.006 

Sphere 

1 

quartz 

1.6 

0 

0 

0 

0 





Sphere 

1 

quartz 

3 

0 

0 

0 

0 





Sphere 

1 

quartz 

6 

0 

0 

0 

0 

0 

0.036 

0.151 

0.034 


1 

quartz 

9 

0 

0 

0 

0 

0 

0.025 

0.062 

0.018 

133351 ® 

1 

quartz 

12 

0 

0 

0 

0 

0 

0.018 

0.026 

0.01 


1 

quartz 

18 

0 

0 

0 

0 

0 

0.014 

0.013 

0.007 


1 

quartz 

20 

0 

0 

0 

0 

0 

0.011 

0.007 

0.005 

Oblate 

1.4 

quartz 

1.6 

0 

0 

0 

0 

0 

0.062 

0.791 

0.065 

Oblate 

1.4 

quartz 

3 

0 

0 

0 

0 

0 

0.054 

0.558 

0.074 


Oblate 


1.4 


quartz 


0.045 


0.357 


0.066 






mi 


0.003 

0.001 

0.046 

0.005 

0.001 

0.048 

0.007 

0.002 

0.049 

0.009 

0.002 

0.049 

0.012 

0.002 

0.049 

0.014 

0.002 

0.048 

0.016 

0.002 

0.048 

0.002 

0.001 

0.035 

0.004 

0.001 

0.036 

0.007 

0.002 

0.037 

0.01 

0.002 

0.035 

0.013 

0.003 

0.033 

0.014 

0.003 

0.031 

0.015 

0.003 

0.028 

0.001 

0.001 

0.023 

0.003 

0.001 

0.025 

0.005 

0.002 

0.025 

0.008 

0.002 

0.024 

0.01 

0.003 

0.022 

0.01 

0.003 

0.02 

0.009 

0.004 

0.017 

0.017 

0.005 

0.131 

0.03 

0.008 

0.122 

0.034 

0.011 

0.102 

0.032 

0.012 

0.075 

0.027 

0.012 

0.052 

0.023 

0.011 

0.038 

0.018 

0.01 

0.028 

0.005 

0.002 

0.091 

0.011 

0.003 

0.096 

0.019 

0.004 

0.096 



































































































































































































































































































































































































































































uartz 

uartz 

uartz 

uartz 





uartz 

uartz 



late 

late 

late 

late 

late 


column 


column 


column 


uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 



uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 

uartz 


uart z 

uartz 

uartz 


0.035 

0.06 

0.085 

0 

0 

0.079 

0.026 

0.038 

0.051 

0 

0 

0.058 

0.02 

0.027 

0.034 

0 

0 

0.045 

0.016 

0.02 

0.023 

0 

0 

0.034 

0.06 

0.161 

0.261 

0 

0 

0.159 

0.051 

0.121 

0.192 

0 

0 

0.134 

0.04 

0.083 

0.127 

0 

0 

0.105 

0.029 

0.049 

0.07 

0 

0 

0.074 

0.021 

0.03 

0.039 

0 

0 

0.052 

0.016 

0.021 

0.025 

0 

0 

0.039 

0.012 

0.015 

0.017 

0 

0 

0.029 

0.061 

0.17 

0.279 

0 

0 

0.152 

0.052 

0.128 

0.205 

~0l 

0 

0.131 

0.041 

0.088 

0.135 

0 

0 

0.104 

0.03 

0.053 

0.075 

0 

0 

0.075 

0.022 

0.032 

0.042 

0 

0 

0.053 

0.017 

0.022 

0.027 

0 

0 

0.04 

0.014 

0.016 

0.019 

0 

0 

0.03 

0.065 

0.226 

0.168 

0.03 

0.006 

0.143 

0.054 

0.167 

0.122 

0.039 

0.009 

0.128 

0.041 

0.111 

0.078 

0.044 

0.012 

0.106 

0.028 

0.061 

0.04 

0.041 

0.013 

0.078 

0.02 

0.033 

0.02 

0.034 

0.013 

0.055 

0.015 

0.02 

0.011 

0.027 

0.012 

0.04 

0.011 

0.012 

0.007 

0.021 

0.011 

0.029 

0.07 


0.294 

0 

0.001 

0.163 

0.058 

0.139 

0.22 

0 

0 

0.139 

0.045 

0.097 

0.148 

0 


0.11 

0.032 

0.058 

0.085 

0 

0 

0.078 

0.022 

0.035 

0.048 

0 

0 

0.055 

0.016 

0.024 

0.032 

0 

0 

0.041 

0.012 

0.017 

0.021 

0 

0 

0.031 
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Oblate 

1.4 

kaolinite 

6 

Oblate 

1.4 

kaolinite 

9 

Oblate 

1.4 

kaolinite 

12 

Oblate 

1.4 

kaolinite 

18 

Oblate 

1.4 

kaolinite 

20 

Oblate 

1.8 

kaolinite 

1.6 

Oblate 

1.8 

kaolinite 

3 

Oblate 

1.8 

kaolinite 

6 

Oblate 

1.8 

kaolinite 

9 

Oblate 

1.8 

kaolinite 

12 

Oblate 

1.8 

kaolinite 

18 

Oblate 

1.8 

kaolinite 

20 

Oblate 

2.3 

kaolinite 

1.6 

Oblate 

2.3 

kaolinite 

3 

Oblate 

2.3 

kaolinite 

6 

Oblate 

2.3 

kaolinite 

9 

Oblate 

2.3 

kaolinite 

12 

Oblate 

2.3 

kaolinite 

18 

Oblate 

2.3 

kaolinite 

20 

Oblate 

2.8 

kaolinite 

1.6 

Oblate 

2.8 

kaolinite 

3 

Oblate 

2.8 

kaolinite 

6 

Oblate 

2.8 

kaolinite 

9 

Oblate 

2.8 

kaolinite 

12 

Oblate 

2.8 

kaolinite 

18 

Oblate 

2.8 

kaolinite 



cube 

kaolinite 

1.6 

Explicit 

cube 

kaolinite 

3 

Explicit 

cube 

kaolinite 

6 


cube 

kaolinite 

9 

Explicit | 

cube 

kaolinite 

12 


cube 

kaolinite 

18 

Explicit I 

cube 

kaolinite 

20 


grain 

kaolinite 

1.6 

grain 


3 



0.501 

0.42 

0.348 

0.14 

0.299 

0.304 

0.292 

0.179 

0.18 

0.194 

0.204 

0.18 

0.125 i 

0.133 

0.142 

0.16 

0.092 

0.095 

0.099 

0.123 

0.741 

0.306 

0.159 

0.025 

0.657 

0.424 

0.293 

0.08 

0.485 

0.405 

0.33 

0.132 

0.296 

0.299 

0.282 

0.169 

0.179 

0.195 

0.201 

0.173 

0.125 

0.134 

0.142 

0.157 

0.092 

0.095 

0.1 

0.126 

0.67 

0.281 

0.146 

0.023 

0.618 

0.394 

0.269 

0.073 

0.486 

0.393 

0.316 

0.12 

0333 

0.323 


0.162 

0.23 

0.244 


0.185 

0.177 

0.189 

0.212 1 

0.193 

0.144 

0.146 

iHXEI 

■EK19 

0.608 

0.256 

mm* 

;^i wnm 

0.585 

0.368 

0.248 

0.064 

0.492 

0.39 

0.302 

0.104 

0.374 

0.36 

0.315 

0.141 

0.284 

0.313 

0.301 

0.165 

0.229 

0.274 

0.28 

0.18 

0.185 

0.234 

0.255 

0.19 



0.007 

0.031 

0.124 

0.17 

0.129 

0.025 

0.007 

0.033 

0.107 

0.198 

0.159 

0.043 

0.008 

0.036 

0.092 

0.185 

0.163 

0.062 

0.008 

0.037 

0.081 

0.155 

0.149 

0.077 

0.007 

0.038 

0.07 

0.119 

0.123 

0.088 

0.007 

0.028 

0.143 

0.068 

0.065 

0.008 

0.007 

0.029 

0.133 

0.121 

0.095 

0.014 

0.007 

0.03 

0.12 

0.169 

0.128 

0.024 

0.007 

0.032 

0.103 

0.196 

0.155 

0.041 

0.007 

0.034 

0.089 

0.183 

0.159 

0.059 

0.007 

0.036 

0.079 

0.154 

0.146 

0.072 

0.007 

0.036 

0.069 

0.119 

0.122 

0.082 

0.006 

0.026 

0.134 

0.072 

0.067 

0.008 

0.006 

0.027 

0.126 

0.122 

0.095 

0.013 

0.006 

0.028 

0.115 

0.171 

0.126 

0.02 

0.007 

0.029 

0.104 

0.206 

0.156 

0.03 

0.007 

0.031 

0.095 

0.215 

0.173 

0.04 

0.007 

0.032 

0.09 

0.208 

0.178 

0.049 

0.007 

0.033 

0.084 

0.19 

0.175 

0.057 

0.006 

0.025 

0.125 

0.075 

0.068 

0.008 

0.006 

0.026 

0.119 

0.123 

0.094 

0.011 

0.006 

0.026 

0.111 

0.168 

0.12 

0.016 

0.006 

0.027 

0.103 

0.207 

0.147 

0.021 

0.006 

0.028 

0.098 

0.228 

0.166 

0.026 

0.006 

0.028 

0.094 

0.236 

0.177 

0.03 

0.006 

0.029 

0.09 

0.235 

0.184 

0.035 

0.01 

0.037 

0.156 

0.402 

0.242 

0.036 

0.01 

0.04 

0.139 

0.337 

0.234 

0.062 

0.011 

0.043 

0.118 

0.259 

0.206 

0.087 

0.011 

0.044 

0.093 

0.175 

0.157 

0.102 

0.011 

0.044 

0.073 

0.115 

0.112 

0.099 

0.012 

0.042 

0.059 

0.082 

0.082 

0.086 

0.011 

0.039 

0.048 

0.06 

0.061 

0.066 


0.037 

0.161 


0.268 

0.036 

0.01 

0.041 

0.146 


0.255 

0.06 
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MEE (Oext) for common dust minerals - Units are in m 2 g l 


gypsum 


Shape 

Type 

Aspect 

Ratio 


■HI 

■nil 


B(BI 

m 


[gj| 

mi 

Prolate 

0.3 

gypsum 

1.6 

0.546 

0.393 

0.166 

0.08 

0.017 

mm* 

0.357 

Prolate 

0.3 

gypsum 

3 

0.449 

0.383 

0.244 

0.155 

0.051 

0.006 

0.317 

0.274 

Prolate 

0.3 

gypsum 

6 

0.343 

0.325 

0.264 

0.196 

0.08 

0.007 

Prolate 

0.3 

mm 

9 

0.247 

0.25 

0.249 

0.215 

0.107 

0.007 

0.231 

Prolate 

0.3 

■ 

12 

0.187 

0.192 

0.221 

0.215 

0.125 

0.007 

0.199 

Prolate 

0.3 


18 

0.156 

0.156 

0.194 

0.209 

0.135 

0.007 

0.179 

Prolate 

0.3 

gypsum 

20 

0.136 

0.131 

0.164 

0.197 

0.143 

0.007 

0.161 

Prolate 

0.5 

gypsum 

1.6 

0.451 

0.334 

0.138 

0.068 

0.014 

0.005 

0.306 

Prolate 

0.5 

gypsum 

3 

0.338 

0.295 

0.191 

0.125 

0.045 

0.005 

0.252 

Prolate 

0.5 

gypsum 

6 

0.228 

0.22 

0.184 

0.145 

0.072 

0.005 

0.196 

Prolate 

0.5 

gypsum 

9 

0.136 

0.14 

0.141 

0.131 

0.091 

0.005 

0.142 

Prolate 

0.5 

gypsum 

12 

0.088 

0.091 

0.099 

0.102 

0.095 

0.006 

0.106 

Prolate 

0.5 

gypsum 

18 

0.066 

0.068 

0.073 

0.077 

0.09 

0.006 

0.085 

Prolate 

0.5 

gypsum 

20 

0.053 

0.054 

0.057 

0.057 

0.08 

0.006 

0.071 

Prolate 

0.8 

gypsum 

1.6 

0.346 

0.279 

0.109 

0.055 

0.011 

0.004 

0.246 

Prolate 

0.8 

rmm 

3 

0.253 

0.232 

0.147 

0.102 

0.036 

0.004 

0.193 

Prolate 

0.8 

gypsum 

6 

0.165 

0.163 

0.137 

0.113 

0.057 

0.004 

0.144 

Prolate 

0.8 


9 

0.093 

0.096 

0.098 

0.094 

0.067 

0.004 


Prolate 

0.8 

gypsum 

12 

0.056 

0.057 

0.062 

0.065 

0.062 

0.004 


Prolate 

0.8 

gypsum 

18 

0.039 

0.04 

0.043 


0.05 

0.004 


Prolate 

0.8 


20 

0.029 

0.029 

0.031 


0.035 

0.004 



1 

ms 

1.6 

0.76 

0.909 

0.875 

0.644 

0.243 




1 

gypsum 

3 

0.476 

0.525 

0.516 

0.462 

0.301 

0.02 



1 

gypsum 

6 

0.287 

0.293 

0.295 

0.297 

0.266 

0.021 



1 


9 

0.158 

0.155 

0.159 

0.166 

0.181 

0.022 

0.193 


1 

ISB 

12 

0.096 

0.095 

0.098 

0.1 

0.112 

0.023 

0.122 


1 

gypsum 

18 

0.068 

0.068 

0.071 

0.071 


0.023 

0.022 

0.086 

0.063 


1 

gypsum 

20 

0.051 

0.051 

0.053 

0.053 


Oblate 

1.4 

gypsum 

1.6 

1.207 

0.961 

0.38 

0.192 

0.039 

0.014 

0.795 

Oblate 

1.4 

gypsum 

3 

0.885 

0.806 

0.516 

0.354 

0.125 

0.014 

0.643 

Oblate 

1.4 


6 

0.579 

0.571 

0.482 

0.394 

0.197 

0.014 

0.492 


ifBPJfnH 1 '!' 



■ 

17551 

B5SS 


I75jI 

0.113 

0.004 

0.003 

0.003 

0.148 

0.01 

0.005 

0.004 

0.167 

0.017 

0.008 

0.005 

0.175 

0.025 

0.012 

0.007 

0.173 

0.032 

0.015 

0.009 

0.168 

0.037 

0.017 

0.01 

0.16 

0.042 

0.02 

0.012 

0.065 

0.003 

0.002 

0.002 

0.094 

0.01 

0.005 

0.004 

0.109 

0.02 

0.01 

0.007 

0.108 

0.036 

0.019 

0.011 

0.095 

0.05 

0.027 

0.016 

0.081 

0.061 

0.034 

0.02 

0.067 

0.068 

0.041 

0.025 

0.04 

0.002 

0.001 

0.002 

0.062 

0.008 

0.004 

0.003 

0.075 

0.017 

0.009 

0.006 

0.074 

0.03 

0.017 

0.01 

0.062 

0.041 

0.025 

0.016 

0.049 

0.047 

0.031 

0.02 

0.037 

0.048 

0.035 

0.023 

0.349 

0.049 

0.025 

0.018 

0.341 

0.125 

0.073 

0.049 

0.272 

0.166 

0.112 

0.079 

0.181 

0.162 

0.13 

0.103 

0.117 

0.125 

0.117 

0.106 

0.083 

0.091 

0.093 

0.095 

0.061 

0.065 

0.063 

0.074 

0.143 

0.008 

0.005 

0.005 

0.222 

0.027 

0.014 

0.01 

0.267 

0.058 

0.031 

0.02 



























































































































































































































































































































































































































































0.022 

0.17 

0.226 

0.175 

0.13 

0.1 

0.022 

0.123 

0.147 

0.146 

0.128 

0.109 

0.022 

0.095 

0.106 

0.114 

0.113 

0.107 

0.022 

0.073 

0.079 

0.083 

0.088 

0.095 

0.02 

0.34 

0.579 

0.091 

0.045 

0.028 

0.021 

0.284 

0.457 

0.146 

0.085 

0.054 

0.021 

0.221 

0.328 

0.174 

0.117 

0.081 

0.022 

0.156 

0.207 

0.166 

0.132 

0.102 

0.022 

0.109 

0.132 

0.13 

0.121 

0.105 

0.022 

0.083 

0.094 

0.097 

0.099 

0.096 

0.022 

0.063 

0.069 

0.069 

0.072 

0.078 

0.02 

0.372 

0.549 

0.091 

0.043 

0.027 

0.02 

0.308 

0.441 

0.144 

0.08 

0.053 

0.021 

0.237 

0.324 

0.174 

0.113 

0.08 

0.022 

0.166 

0.21 

0.17 

0.133 

0.103 


0.116 

0.137 

0.138 

0.127 

0.11 

0.023 

0.088 

0.098 

0.103 

0.109 

0.105 

0.022 

0.067 

0.072 

0.071 

0.083 

0.092 

0.02 

0.356 

0.551 

0.089 

0.043 

0.027 

0.021 

0.292 

0.438 

0.149 

0.084 

0.054 

0.022 

0.223 

0.317 

0.179 

0.118 

0.082 

0.022 

0.153 

0.201 

0.169 

0.133 

0.104 

0.023 

0.106 

0.127 

0.131 

0.119 

0.107 

0.023 

0.079 

0.089 

0.096 

0.095 

0.095 

0.022 

0.06 

0.064 

0.069 

0.067 

0.074 

0.02 

0.334 

0.647 

0.093 

0.044 

0.028 

0.02 

0.283 

0.508 

0.149 

0.081 

0.053 

0.021 

0.225 

0.364 

0.179 

0.112 

0.079 

0.022 

0.163 

0.23 

0.173 

0.129 

0.101 

0.022 

0.118 

0.148 

0.14 

0.121 

0.105 

0.022 

0.091 

0.106 

0.108 

0.103 

0.098 

0.022 

0.07 

0.079 

0.08 

0.081 

0.081 
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Oblate 

1.4 

Oblate 

1.4 

Oblate 

1.4 

Oblate 

1.4 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

1.8 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.3 

Oblate 

2.8 i 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Oblate 

2.8 

Explicit 

cube 


cube 

B JfflIBIB 

cube 

BsCTUfffB 

cube 

Explicit 

cube 

Explicit 

cube 


cube 


grain 

BtfffllfllB 

grain 


grain 


uartz 

9 

uartz 

12 

uartz 

18 

uartz 

20 

uartz 

1.6 

uartz 

3 

uartz 

6 

uartz 

9 

uartz 

12 

uartz 

18 

uartz 

20 

uartz 

1.6 

uartz 

3 

uartz 

6 

uartz 

9 

uartz 

12 

uartz 

18 

uartz 

20 

uartz 

1.6 

uartz 

3 

uartz 

6 

uartz 

9 

uartz 

12 

uartz 

18 

uartz 

20 

uartz 

1.6 

uartz 

3 

uartz 

6 

uartz 

9 

uartz 

12 

uartz 

18 

uartz 

20 

uartz 

1.6 

uartz 

3 

uartz 

6 


0.283 

0.292 

0.301 

0.17 

0.175 

0.191 

0.12 

,0.122 

0.13 

0.089 

0.09 

0.094 

1.034 

0.802 

0.33 

0.76 

0.677 

0.441 

0.5 

0.484 

0.411 

0.284 

0.29 

0.296 

0.17 

0.175 

0.19 

0.12 

0.122 

0.131 

0.089 

0.09 

0.094 

0.949 

0.724 

0.303 

0.724 

0.641 

0.412 

0.506 

0.491 

0.401 

0.32 

0.329 

0.322 

0.216 

0.224 

0.239 

0.168 

0.172 

0.184 

0.137 

0.139 

0.143 

0.864 

0.655 

0.277 

0.687 

0.604 

0.386 

0.515 

0.494 

0.4 

0.362 

0.368 

0.361 

0.268 

0.276 

0.307 

0.218 

0.222 

0.265 

0.185 

0.181 

0.224 



0.336 

0.184 

0.104 

0.121 

0.261 

0.19 

0.142 

0.12 

0.197 

0.162 

0.159 

0.112 

0.145 

0.117 

0.155 

0.1 

0.181 

0.013 

0.005 

0.091 

0.36 

0.061 

0.022 

0.102 

0.419 

0.124 

0.053 

0.111 

0.364 

0.179 

0.099 

0.117 

0.265 

0.188 

0.135 

0.115 

0.193 

0.164 

0.151 

0.108 

0.14 

0.122 

0.148 

0.097 

0.284 

0.014 

0.005 

0.089 

0.49 

0.06 

0.02 

0.099 

0.528 

0.12 

0.046 

0.107 

0.448 

0.184 

0.082 

0.114 

0.342 

0.222 

0.116 

0.118 

0.269 

0.232 

0.142 

0.119 

0.215 

0.222 

0.164 

0.117 

0.445 

0.014 

0.005 

0.087 

0.655 

0.056 

0.017 

0.095 

0.655 

0.108 

0.034 

0.101 

0.546 

0.167 

0.057 

0.108 

0.428 

0.213 

0.078 

0.112 

0.347 

0.241 

0.095 

0.114 

0.284 

0.261 

0.114 

0.115 

0.85 

0.231 

0.087 

0.179 

0.626 

0.251 

0.15 

0.172 

0.412 

0.232 

0.176 

0.154 

0.232 

0.176 

0.158 


0.135 

0.12 

0.117 


0.093 

0.084 

0.085 

0.074 

0.067 

0.06 

0.061 

0.057 

0.477 

0.278 

0.136 

0.207 

0.386 

0.276 

0.164 

0.197 

0.29 

0.241 

0.17 

0.178 
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